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LASER  DEVELOPMENT  FOR  LASER  FUSION  APPLICATIONS 
RESEARCH  PROGRESS  REPORT 
April  1978  -  September  1978 


INTRODUCTION 

Advances  in  knowledge  about  inertial- 
confinement  fusion  (ICF)  have  been  paced  by 
the  development  of  high-power  drivers.  The 
laser -driven  option  to  ICF  will  continue  to 
be  paced  by  the  development  of  advanced 
high-power  lasers.  The  long-term  goal  of 
ICF,  commercial  power  generation,  will 
require  an  efficient  and  reliable  high- 
average-power  driver.  The  near-term  goal 
of  our  research  is  to  provide  an  alternative 
to  CC>2  and  Nd:glass  for  large-system  scien¬ 
tific  demonstration  studies;  the  long-term 
goal  is  to  develop  the  laser  technology  that  is 
necessary  for  commercialization  of  laser- 
fusion  energy. 

Our  program  addresses  three  high-power 
laser  systems:  iodine,  hydrogen  fluoride, 
and  Group  VI  atoms.  Both  the  iodine  laser 
and  the  HF  laser  have  a  demonstrated  high- 
power  capability,  and  experimental  results 
indicate  that  there  are  probably  no  serious 
problems  hindering  development  of  either  of 
these  lasers  for  laser-fusion  applications. 

In  both  of  these  technology-development  pro¬ 
grams,  we  are  making  steady  technical  pro¬ 
gress. 

The  IIF  laser  has  a  proven  high  electrical 
efficiency,  a  projected  overall  efficiency  of 
better  than  4%,  and  staging  of  multimega¬ 
joule  systems  is  felt  to  be  possible.  If 
laser -energy-to-thermonuclear- energy  gains 
of  a  few  hundred  can  be  realized,  it  is  an 
attractive  ICF  driver.  From  a  capital  cost 
point  of  view,  it  is  very  attractive  in  com¬ 
parison  with  other  candidate  lasers. 

We  now  know  that  an  iodine  laser  system  can 
be  built  that  would  satisfy  all  near-term 


requirements  of  laser  fusion  including  the 
driver  of  an  experimental  power  reactor, 
but  its  efficiency  needs  to  be  improved 
before  it  can  be  considered  as  a  driver  for  a 
commercial  ICF  power  generator.  With 
available  technology  the  best  electrical  effi¬ 
ciency  that  can  be  realized  for  a  -1-MJ,, 
10-pps  iodine  laser  is  0.  4  to  0.  5%,  and  the 
overall  efficiency  including  regeneration  of 
laser  medium  starting  chemicals  is  0.  35  to 
0.  4%.  This  projected  efficiency  requires 
very  high  laser -energy-to-thermonuclear  - 
energy  gains  for  economically  attractive 
electric  power  generation  and  its  low  elec¬ 
trical  efficiency  would  require  a  prohibitive¬ 
ly  high  capital  investment  in  the  pulse  power 
source.  We  are  investigating  both  surface 
discharges  and  HgXe*  exciplexes  as  ways  to 
improve  the  efficiency  (up  to  2%)  of  the 
iodine  laser. 

The  class  of  lasers  based  on  the  excitation 
of  the  p4  *S  state  of  Group  VIA  atoms  (e.  g. , 
O.  S,  Se,  Te)  with  energy  extraction  on  the 
p4  lg-*p4  1D  or  p4  -^S  —  p4  3P  transition 
offers  long  energy- storage  times  since  the 
IS  state  exhibits  a  long  radiative  lifetime 
and  is  resistant  to  deactivation  by  a  wide 
variety  of  other  species.  Also,  these  tran¬ 
sitions  occur  at  what  are  thought  to  be 
excellent  wavelengths  (459  nm  to  790  nm) 
for  laser  fusion  and  exhibit  stimulated  emis¬ 
sion  cross  sections  that  are  low  enough  to 
inhibit  parasitic  amplified  spontaneous 
emission  but  not  so  low  that  the  medium 
cannot  be  saturated  at  reasonable  energy 
fluences.  The  emphasis  of  our  work  on  this 
class  of  lasers  is  to  perform  laboratory 
kinetic  studies  that  will  permit  the  develop¬ 
ment  of  a  model  that  can  be  used  to  project 
large-system  laser  performance.  Accord¬ 
ing  to  what  we  know  now,  an  overall 
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efficiency  of  up  to  3%  may  be  possible. 

The  key  highlights  achieved  during  this 
report  period  include: 

1.  Near-diffraction-limited  beam  quality 
was  demonstrated  for  a  switched- out  6-ns 
portion  of  a  HF -laser  amplified  beam. 

2.  HF  laser  characteristics  for  high- 
pressure  operation  were  established. 

3.  Details  of  individual -line  suppression 
of  ASE  in  an  HF  amplifier  were  worked  out. 

4.  Design  of  the  Phoenix  II  HF  amplifier 
cell  was  frozen  and  the  experimental  details 
were  worked  up  for  the  first  large-scale 
study  of  angular  multiplexing:  a  pulsewidth 
compression  scheme. 

5.  Establishing  that  iodine  lasers  can  be 
stabilized  against  self  focusing. 

6.  Demonstration  of  an  efficient  method  to 
chemically  regenerate  iodine-laser-medium 
starting  materials  and  showing  that  chemical 
regeneration  will  not  be  an  important  consid¬ 
eration  in  the  overall  efficiency  of  a  large 
iodine  laser  system. 

7.  Theoretical  determination  of  the  photo¬ 
ionization  cross  section  for  sulfur  (3p)4  *S q 
and  selenium  (4p)^  q. 

8.  Measurement  of  the  yield  of  S(  *Sq)  by 
photolysis  of  OCS  by  157 -nm  laser  light  at 
intensities  up  to  0.  1  J/cm^. 

9.  Demonstration  that  photo  ionization  of 
S(*S)  and  electron  runaway  processes  will 
not  compromise  the  performance  of  the 
S(1S)  laser  if  suitable  precaution  is  exer¬ 
cised. 

10.  Modeling  studies  of  the  chemically 
pumped  iodine  laser  suggest  that  it  may  be 
an  attractive  candidate  driver  for  commer¬ 
cial  application  of  ICF. 

11.  Measurements  of  fluorescence  efficien- 
cies  for  HgXe^  exciplexes  excited  by  an 
electric  discharge. 


HF-LASER  PROGRAM 

OVERVIEW 

The  HF  laser  is  an  attractive  candidate 
driver  for  a  large-system  ICF  scientific 
demonstration  facility,  for  an  ICF  experi¬ 
mental  power  reactor  and  for  a  commercial 
laser-fusion  power  reactor.  Its  proven  high 
electrical  efficiency  offers  a  relatively  low 
capital  cost  and  high  reliability,  and  staging 
of  multimegajoule  systems  is  felt  to  be  pos¬ 
sible.  Also,  its  overall  efficiency  is  high 
enough  and  its  projected  capital  cost  is  low 
enough  to  make  it  look  attractive  from  a 
cost-of-electricity  point  of  view  if  laser- 
energy-to-thermonuclear-energy  gains  of  a 
few  100  can  be  realized.  The  near-term 
goal  of  the  HF-laser  program  is  to  develop 
a  technology  and  engineering  data  base  so 
that  a  meaningful  tradeoff  analysis  for  the 
various  candidate  ICF  advanced  drivers  can 
be  made  on  a  time  scale  consistent  with  DOT 
planning. 

Previous  accomplishments  of  our  program 
have  included  demonstrations  of  high  effi¬ 
ciency  and  high  energy  capability,  efficient 
energy  extraction  from  HF  amplifiers,  good 
beam  quality  and  focusability,  and  short- 
pulse  generation  and  amplification.  In  this 
reporting  period,  beam  quality  has  been 
determined  to  be  near-diffraction  limited 
for  a  short  pulsewidth  (6  ns  to  25  ns) 
oscillator -amplifier  chain,  suppression  of 
amplified  spontaneous  emission  has  been 
demonstrated  on  an  individual  spectral  line, 
high-pressure  characteristics  have  been 
determined  for  the  Phoenix  I  amplifier,  and 
detailed  comparisons  between  the  kinetic 
code  and  experiments  have  been  made. 

Details  of  two  major  upcoming  experiments 
are  also  included  in  this  report.  The  first 
is  energy  extraction  and  beam  quality  mea¬ 
surements  on  the  Phoenix  I  amplifier  oper¬ 
ating  under  saturated  output  power  condi¬ 
tions.  The  second  experiment,  using  a 
newly  designed  amplifier  (Phoenix  II),  is 
designed  to  demonstrate  the  concept  of 
angular -multiplexing:  a  pulse  width- 
compression  scheme. 
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OSCILLATOR-AMPLIFIER  STUDIES  USING 
THE  X-GEOMETRY  ELECTRON-BEAM- 
INITIATED  HF  AMPLIFIER 

In  the  last  report,1  the  radially  dependent 
electron-beam-energy  deposition  profile  of 
the  X-geometry  amplifier  was  presented  and 
compared  with  the  laser  output  radial  energy 
density  distribution  when  the  system  was 
operated  as  an  oscillator.  We  have  also 
made  comparisons  of  the  radial  energy  vari¬ 
ation  of  laser -amplifier  output  with  its  level 
of  excitation  counterpart.  The  input  inten¬ 
sity  to  the  amplifier  was  essentially  uniform 
over  its  aperture.  The  energy  density  in  the 
input  beam  was  about  32  mJ/cm2  in  a  pulse 
width  (FWHM)  of  about  100  ns.  The  radial 
distribution  of  the  amplifier  output  energy 
density  is  shown  in  Fig.  1  for  two  different 
total  pressures.  These  results  confirm  that 
the  electron-beam  deposition  in  the  X- 
geometry  amplifier  (X-amplifier)  is  highly 
nonuniform  in  the  radial  direction.  The  dif¬ 
ference  between  the  620-torr  data  and  the 
775-torr  data  seems  to  indicate  that  the 
electron-beam  was  slightly  off  axis,  toward 
the  outside  of  the  laser  tube,  as  the  beam 
propagated  around  the  corner.  This  may 
mean  that  the  magnetic  field  used  to  guide 
the  electron-beam  into  the  amplifier  tube 
should  be  adjusted  for  each  operating  pres¬ 
sure  to  assure  a  more  nearly  symmetrical 
deposition  profile. 

Since  the  electron-beam-energy  deposition 
is  radially  nonuniform,  the  rate  of  atomic 
fluorine  production  and,  hence,  the  produc¬ 
tion  rate  of  excited  HF  molecules  will  be 
radial  nonuniform.  This  should  result  in  the 
temporal  behavior  of  the  amplified  pulse  also 
having  a  radial  variation.  The  radial  vari¬ 
ation  of  the  pulse  width  (FWHM)  is  shown  in 
the  upper  curve  of  Fig.  1.  These  results 
show  a  radial  variation  of  pulse  width 
(FWHM)  of  about  50%  with  the  X-geometry 
amplifier. 
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Fig.  1.  Pulse  width  and  radial  output 

energy  profile  from  an  axial  ampli¬ 
fier  for  two  different  pressures. 
These  results  were  obtained  for  an 
input  intensity  of  10^  W/cm2. 

These  results  confirm  the  nonuni¬ 
form  electron-beam  energy  deposi¬ 
tion. 

BEAM  QUALITY  STUDIES  USING  THE  DIS¬ 
CHARGE  OSCILLATOR -PREAMPLIFIER 
AND  THE  X-AMPLIFIER 

The  electron-beam-initiated  X-geometry 
amplifier  which  is  initiated  by  a  PI  Model - 
110A  electron-beam  machine  will  be  used  in 
future  experiments  as  a  preamplifier.  This 
system  will  be  used  to  saturate  the  Phoenix 
I  amplifier  and  for  angular  multiplexing 
experiments  with  the  Phoenix  II  amplifier. 
The  experiments  described  here  were  to 
determine  the  optical  quality  of  amplified 
beams  and  to  further  determine  if  a  short 
pulse  (5  ns  to  25  ns)  could  be  amplified 
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without  degrading  the  beam  quality.  Pre¬ 
vious  experiments  with  a  transverse- 
initiated  cell  (Phoenix  I)  indicated  that  a 
high-optical-quality  beam  could  be  amplified 
without  degrading  the  beam.  However,  the 
X- amplifier  is  excited  nonuniformly  in  the 
radial  dimension.  Extraction  experiments 
using  this  amplifier  and  the  SFg-HI  fueled 
oscillator -amplifier  system  have  shown  that 
about  50%  of  the  energy  can  be  extracted 
from  the  amplifier.  ^ 

The  first  measurements  of  the  beam  quality 
were  made  by  using  a  25-ns  pulse  that  was 
generated  by  the  polarization  rotation 
method  described  previously.  The  beam 
quality  of  the  input  beam  was  measured  by 
using  lateral  shearing  interferometry,  where 
reflections  from  the  front  and  rear  surfaces 
interfere  to  form  a  fringe  pattern.  Informa¬ 
tion  about  the  radius  of  curvature  of  the  beam 
and  the  phase  front  distortion  is  contained  in 
such  patterns.  3  Fringe  patterns  for  the 
input  beam  were  measured  by  using  the 
pyroelectric  vidicon  system  that  has  been 
described  in  a  previous  report.  The  beam 
quality  measured  was  in  agreement  with 
beam  quality  measurements  previously 
reported.  The  output  beam  was  recorded  as 
a  burn  pattern  on  unexposed  developed  Polar¬ 
oid  film.  The  resulting  measurement  is 
shown  in  Fig.  2  where  it  appears  that  the 
wavefront  distortion  is  less  than  X/2  over  the 
diameter  of  the  beam.  The  tilt  of  the  fringes 
indicates  the  curvature  of  the  wavefront  at 
the  point  of  measurement.  The  curvature 
can  be  adjusted  by  using  the  beam  expanders 
in  the  system.  However,  the  tilt  in  the 
fringes  indicate  that  the  curvature  of  the 
wavefront  or  the  divergence  of  the  beam  was 
approximately  400  jurad.  Comparison  of  the 
input  and  output  beams  indicates  that  the 
beam  through  the  axially  initiated  amplifier 
was  not  degraded  to  a  measurable  degree. 

A  more  quantitative  measurement  of  the 
beam  quality  is  the  measurement  of  the 
energy  that  can  be  focused  through  a  pinhole. 
These  measurements  have  been  made  for  the 
Phoenix  I  and  have  been  previously  described. 
Measurements  of  output  optical  quality  from 
the  X-geometry  amplifier  were  made  by  using 
a  5-m-focal-length  mirror.  The  beam  inten¬ 
sity  was  reduced  by  using  front  surface 


reflections  from  quartz  wedges  in  order  to 
eliminate  the  possibility  of  air  breakdown  at 
the  pinhole.  The  pulse  length  for  these 
experiments  was  25  ns.  The  results  are 
shown  in  Fig.  3  where  the  pinhole  size  has 
been  converted  to  an  equivalent  angle.  Data 
were  taken  down  to  40%  transmission  which 
corresponded  to  a  0.  9-mm  pinhole. 


Fig.  2.  Lateral  shearing  interferograms 
from  an  axial  initiated  amplifier. 
This  interferogram  shows  very 
little  phase-front  degradation  of  the 
beam  from  the  amplifier. 

The  beam  quality  was  further  examined  with 
a  short  focal  length  mirror  (45.  7  cm)  in  a 
vacuum.  The  vacuum  was  necessary  in  this 
case  to  prevent  air  breakdown.  The  appa¬ 
ratus  used  here  was  the  same  as  that  des¬ 
cribed  previously.  4  The  pulse  length  was 
reduced  to  ~  6  ns  in  width  for  this  set  of 
experiments.  The  minimum  pinhole  for  this 
experiment  was  200  microns  where  the  mea¬ 
sured  maximum  transmission  was  92%. 

The  data  from  this  experiment  are  shown  in 
Fig.  3. 

From  a  comparison  of  this  data  at  the  84% 
transmission  point,  it  appears  that  the  beam 
is  approximately  two  to  three  times 
diffraction-limited,  which  implies  the  input 
beam  is  not  seriously  degraded  by  the 
axially  initiated  amplifier. 
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Fig.  3.  Focal  spot  energy  distribution  ob¬ 
tained  from  the  axially  initiated 
amplifier.  A  long  focal  length 
focusing  mirror  was  used  to  focus 
in  air  and  a  short  focal  length  mir¬ 
ror  was  used  to  focus  in  a  vacuum. 


SHORT  PULSE  AMPLIFICATION 

In  order  to  amplify  a  short  pulse  (~5  ns)  with 
the  A-geometry  amplifier,  a  polarization- 
rotation  technique  is  used.  This  technique  is 
selected  because  HF  is  a  nonstorage  laser 
system  and  requires  a  signal  in  the  amplifier 
during  the  total  time  of  positive  gain  to  sup¬ 
press  amplified  spontaneous  emission. 


The  technique  of  polarization  rotation  is 
illustrated  in  the  schematic  diagram  shown 
in  Fig.  4.  The  output  from  the  oscillator  is 
passed  through  a  polarizer  to  produce  p- 
polarization  and  then  through  an  electro- 
optical  crystal.  This  crystal,  which  is 
CdTe  in  the  present  system,  can  then  be 
used  to  rotate  the  polarization  and  produce  a 
short  pulse  with  s- polarization.  This  signal 
is  then  amplified  and  the  output  is  incident 
onto  a  small-angle-wedge  beam  splitter 
oriented  at  the  Brewster  angle.  The  long 
pulse  with  p-polarization  is  transmitted 
through  the  Brewster  angle  plate,  but  during 
the  short  period  of  time  when  the  polariza¬ 
tion  is  rotated  to  s -polarization,  some  frac¬ 
tion  of  this  signal  is  reflected  from  the  two 
surfaces  of  the  Brewster  angle  plate.  Only 
the  reflection  from  the  front  surfaces  of  the 
wedged  plate  is  used. 

The  reflection  efficiency  for  the  s-polarized 
light  will  depend  upon  the  index  of  refraction 
of  the  material.  Some  of  the  materials 
which  have  or  are  being  considered  for  use 
are  listed  below. 

Refractive  <p 

Index  Brewster  Reflectance 
Material  (A  ~  3ju)  (deg)  (%) 


Quartz 

1.419 

54.  8 

11.  3 

ZnSe 

2.44 

67.  7 

50.7 

Si 

~3.  0 

71.  6 

64 

Ge 

4.  057 

76.  2 

78.4 

TRIGGERED  PULSE  GENERATOR 


SHORT  PULSE 


Fig.  4.  Schematic  diagram  showing  technique  for  generation  and 
amplification  of  short  pulses  using  polarization  rotation. 
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With  the  polarization-rotation  technique  des¬ 
cribed  in  the  preceding  section,  we  have 
amplified  a  nominal  6-ns  pulse.  The  Brew¬ 
ster  angle  beam  splitter  was  quartz. 

The  results  of  amplifying  a  short  pulse  uti¬ 
lizing  the  polarization  technique  are  shown  in 
Fig*  5.  The  upper  curve  shows  the  temporal 
behavior  of  the  s- polarization  input  pulse. 
The  p-polarization  component  of  the  input 
pulse  is  not  shown,  but  it  has  a  pulse  width 
(FWHM)  of  about  100  ns.  The  long  pulse 
started  at  about  40  ns.  The  amplified  pulse 
(s -polarization)  is  shown  in  the  lower  curve. 
There  is  essentially  no  distortion  of  the 
pulse  with  both  the  input  and  output  having  a 
pulse  width  of  6  ns.  The  contrast  ratio,  that 
is  the  ratio  of  the  signal  prior  to  the  ampli¬ 
fied  pulse  to  the  peak  pulse  signal,  is  esti¬ 
mated  to  be  greater  than  20.  Additional 
measurements  will  be  necessary  to  deter¬ 
mine  the  best  contrast  ratio  that  can  be  ob¬ 
tained  with  this  technique. 


100  ns 


INPUT  12.  5x10  3 
-9 

FWHM  6  x  10  sec 


V 


J 


Fig.  5.  Input  and  amplified  pulse  using  an 

axially  initiated  amplifier. 

The  energy  gain  of  this  system  was 
about  96.  The  full  width  at  half  max 
(FWHM)  of  the  input  pulse  was  6  ns 
and  the  FWHM  of  the  output  pulse 
was  5.6  ns. 


Suppression  of  Amplified  Spontaneous 
Emission 


Measurements  of  amplified  spontaneous 
emission  (ASE)  which  were  obtained  during 
the  energy  extraction  experiments  on  the 
Phoenix  I  amplifier^  indicated  that  the  ASE 
was  reduced  only  a  factor  of  three  for  an  in¬ 
put  intensity  of  104  W/cm2.  Increasing  the 
input  power  above  this  level  did  not  further 
reduce  the  ASE.  These  results  are  not  in 
agreement  with  the  HFOX  code  which  pre¬ 
dicts  a  much  larger  suppression. 

Measurements  of  the  ASE  radiated  by  the  X- 
geometry  amplifier  have  also  been  made. 
These  measurements  have  been  made  under 
two  conditions:  15-degree  windows  and 
Brewster  angle  windows  on  the  amplifier. 

The  calorimeters  used  in  the  ASE  measure¬ 
ments  were  arranged  so  that  they  could 
detect  the  energy  within  a  solid  angle  of  1.  5 
x  10~2  sterdians.  This  was  about  twice  the 
geometric  solid  angle  subtended  by  the 
amplifier. 

With  an  input  intensity  of  about  1  x  105  W/ 
cm2  from  an  oscillator-preamplifier  system 
the  ASE  reduction  was  a  factor  of  1.  5  with 
15- degree  windows  and  1.  9  with  Brewster 
angle  windows.  The  magnitude  of  the  energy 
radiated  by  ASE  with  Brewster  angle  win¬ 
dows  was  a  factor  of  two  less  than  it  was 
with  15-degree  windows.  These  results 
would  seem  to  indicate  that  there  is  some 
feedback  from  the  15-degree  windows  result¬ 
ing  in  increased  ASE,  but  if  this  is  the  case, 
then  we  would  have  expected  a  greater 
reduction  in  ASE  with  the  Brewster  angle 
windows. 

Since  the  HF  laser  operates  on  about  50 
vibration-rotation  transitions,  it  was  felt 
that  a  better  understanding  of  ASE  suppres¬ 
sion  could  be  obtained  by  making  measure¬ 
ments  on  a  single  transition.  A  schematic 
diagram  of  the  experimental  arrangement 
used  to  monitor  the  ASE  on  the  P ^(7)  transi¬ 
tion  is  shown  in  Fig.  6.  The  intensity  of  the 
incident  P1(7)  radiation  was  monitored  with 
a  beam  splitter  and  a  monochromator.  The 
ASE  radiated  at  a  small  angle  to  the  ampli¬ 
fier  optic  axis  (2-degrees)  was  monitored  by 
a  monochromator. 
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ACCELERATOR 


* 


* 


APERTURE 


BEAM  SPLITTER 


TO  MONOCHROMATOR 
SET  FOR  Pj(7) 


TO  CALORIMETER  OR  MONOCHROMATOR 
SET  FOR  Pjtf) 


Fig.  6.  Schematic  diagram  of  the  experimental  set  up  to  investigate  amplified  spontaneous 
emission.  The  beam  splitter  was  used  to  monitor  the  input  intensity  of  the  P^T) 
lines.  The  apertures  were  used  to  allow  only  radiation  at  2-degrees  from  the  cen¬ 
terline  to  be  monitored. 


The  results  of  these  measurements  with 
Brewster  angle  windows  on  the  amplifier  are 
illustrated  in  Fig.  7.  Curve  (b)  shows  the 
temporal  behavior  of  the  incident  P^(7)  line. 
The  peak  intensity  is  estimated  to  be  about 
2  x  10^  W/cm^.  Curve  (d)  shows  the  tem¬ 
poral  behavior  of  the  P^(7)  line  with  no  inci¬ 
dent  radiation.  Curve  (c)  illustrates  the 
suppression  of  P^(7)  ASE  with  an  incident 
P^(7)  radiation.  The  ASE  on  the  P^(7)  tran¬ 
sition  shows  a  large  decrease  as  soon  as  the 
P^(7)  radiation  is  incident. 

These  same  experiments  were  done  with  15- 
degree  windows  on  the  amplifier.  In  this 
case,  with  an  incident  intensity  of  about  10^ 
W/cm2,  the  reduction  of  ASE  on  the  Pj(7) 
line  was  not  as  good  as  when  the  amplifier 
had  Brewster  angle  windows.  These  results 
seem  to  indicate  that  with  15-degree  windows 
there  is  some  feedback  which  allows  parasitic 
oscillation  to  occur  in  the  amplifier. 

These  preliminary  results  indicate  that  to 
reduce  ASE  from  an  amplifier  it  will  probably 
be  necessary  to  achieve  the  following: 

1.  Good  temporal  match  on  all  spectral  lines 
between  oscillator  and  amplifier.  This  also 
means  that  it  will  be  necessary  to  achieve  a 


good  spectral  match  between  the  oscillator 
and  amplifier. 

2.  Reduction  of  feedback  which  might  allow 
parasitics  oscillation  to  occur  in  the  ampli¬ 
fier. 


ENERGY  AND  PULSE  WIDTH  CHARACTER¬ 
ISTICS  OF  PHOENIX  I 

Measurements  of  laser  energy  output  and 
laser  pulse  width  as  a  function  of 
pressures  for  the  Phoenix  I  amplifier  con¬ 
figured  as  an  oscillator  have  been  described 
in  a  previous  progress  report.  ®  In  those 
measurements,  the  pressure  ratio  of 
F2:02tH2  was  held  fixed  at  1.  0:0.  3:0.  25. 
With  a  flat  total  reflector  on  one  end  of  the 
laser  cell  and  a  sapphire  output  coupler  on 
the  opposite  end,  the  output  energy  in¬ 
creased  from  150  J  at  an  F2  pressure  of  400 
torr  to  220  J  at  an  F2  pressure  of  1200  torr. 
Over  this  pressure  range  the  pulse  width 
remained  nearly  constant  at  ~50  ns.  It  is 
desirable  to  obtain  amplifier  inversion  times 
of  the  order  of  20  ns  so  that  angular  multi¬ 
plexing  staging,  that  will  reduce  the  pulse- 
width  to  about  10  ns,  is  simple  and  inexpen¬ 
sive.  Calculations  indicate  that  the  use  of 
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hydrogen-lean  mixtures  at  higher  total  pres¬ 
sures  should  reduce  pulse  widths  and  at  the 
same  time  increase  the  chemical  efficiency 
of  the  amplifier. 


Fig.  7.  Suppression  of  amplified  spontane¬ 
ous  emission  (Pj(7)  line).  The 
upper  curve  shows  the  temporal  be¬ 
havior  of  the  electron-beam  current. 
The  next  curve  shows  the  temporal 
behavior  of  the  Pj(7)  input.  The 
next  curve  shows  the  suppression  of 
the  Pj(7)  line  from  the  amplifier. 
These  data  were  obtained  at  2- 
degrees  from  the  amplifier  optical 
axis.  The  bottom  curve  shows  the 
P1(7)  amplified  spontaneous  emis¬ 
sion  from  the  amplifier  with  no 
input. 


For  the  experiments  reported  here,  Phoenix 
I  was  configured  as  an  oscillator  to  investi¬ 
gate  the  laser  characteristics  as  a  function 
of  F2  pressure  for  a  hydrogen-lean  mixture. 

In  these  experiments,  the  H2  pressure  was 
held  constant  at  200  torr  while  the  F2  pres¬ 
sure  was  varied  from  380  to  3040  torr.  In 
order  to  reduce  the  probability  of  mixture 
predetonation  the  Og  pressure  was  varied  as 
PQ  =  240  +  0.  05  PF  where  PQ  is  the  oxygen 
pressure  and  PF  is  the  fluorine  pressure. 

For  these  measurements,  the  amplifier  cell 
was  fitted  with  a  flat  gold  mirror  on  one  end 
and  a  sapphire  output  coupler  on  the  opposite 
end.  The  multimode  output  energy  was  mea¬ 
sured  by  using  a  20- cm- diameter  surface 
calorimeter,  collecting  the  energy  reflected 
from  a  quartz  beam  splitter.  The  temporal 
history  of  laser  radiation  was  recorded  with 
a  AuGe  (77  K)  detector. 

Figure  8  shows  the  laser  energy  output  as  a 
function  of  pressure.  The  pressure,  shown 
on  the  abscissa,  consisted  of  95%  fluorine 
and  5%  oxygen.  The  laser  output  energy 
m on ot on i c ally  increased  for  pressures  from 
400  to  2800  torr,  then  decreased  slightly  at 
a  pressure  of  3200  torr.  The  large  scatter 
in  data  may  be  due  to  variations  in  mixture 
homogeneity  since  the  200  torr  of  hydrogen 
was  added  last  and  turbulence  of  the  injected 
gas  was  the  predominant  mixing  mechanism. 
The  laser  output  energy  shown  in  Fig.  8  does 
not  increase  as  rapidly  with  pressure  as 
does  the  anticipated  electron-beam  deposi¬ 
tion.  Cyltran'  calculations  indicate  that  for 
a  total  pressure  of  one  atmosphere  about  2% 
of  the  available  electron-beam,  energy  is 
deposited  in  the  gas  mixture.  Therefore,  it 
is  expected  that  the  deposited  energy  should 
increase  about  linearly  with  increasing  pres¬ 
sure.  The  decrease  in  electrical  efficiency 
with  increasing  pressure  is  accountable  in 
part  to  the  burn  being  completed  before  the 
end  of  the  electron-beam  pulse  at  the  higher 
pressures.  Computer  calculations  using 
Sandia's  HF  laser  code  are  planned  to  com¬ 
pare  with  the  measured  output  laser  varia¬ 
tion  with  pressure. 
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PRESSURE  (TORR)  (95%F2+5%C>2) 

Fig.  8.  Laser  output  energy  as  a  function  of 
pressure. 

Laser  pulse  width  (FWHM)  as  a  function  of 
pressure  is  shown  in  Fig.  9  for  the  same 
conditions  that  were  used  in  Fig.  8.  The 
pulse  width  decreased  from  —  50  ns  at  400 
torr  to  24  ns  at  3200  torr.  While  this  latter 
value  is  near  the  desired  20  ns,  the  variation 
in  pulse  width  with  pressure  also  needs  to 
be  compared  with  computer  calculations. 


PRESSURE  (torr)  ( 95  %  F2  +  5  %  O2  ) 


Fig.  9.  Laser  pulse  width  as  a  function  of 
pressure. 

The  maximum  chemical  efficiency  (laser 
energy  output  divided  by  total  exothermic 
energy  released  in  the  H2~F2  reaction) 
achieved  with  the  200  torr  H2  mixtures  was 
approximately  3%.  This  value  is  based  on  an 
excited  volume  of  4L 


A  limited  number  of  measurements  was  also 
made  by  using  the  same  cavity  geometry  as 
for  the  above  measurements  but  with  even 
less  hydrogen  in  the  mixture.  Pressure 
ratios  of  F2/02/H2  of  800/240/100  and  3200/ 
408/100  torr  were  used.  For  the  800-torr 
F2  case,  the  laser  energy  was  149  J  and  the 
pulse  width  (FWHM)  was  88  ns.  At  3200- 
torr  F2  the  laser  energy  was  226  J  and 
the  pulse  width  was  45  ns.  Laser  burn  pat¬ 
terns  for  these  low-hydrogen  pressure  cases 
indicated  a  very  nonuniform  initiation  over 
the  amplifier  cross  section.  Intense  film 
damage  was  observed  in  a  region  around  the 
horizontal  diameter  with  considerably  less 
damage  through  the  remainder  of  the  aper¬ 
ture.  This  suggests  that,  for  these  condi¬ 
tions,  the  electron-beam  did  not  spread  suf¬ 
ficiently  to  completely  fill  the  cross  section 
of  the  amplifier. 

The  maximum  chemical  efficiency  obtained 
with  the  100-torr  H2  mixtures  was  about  4%, 
assuming  uniform  initiation  of  the  entire  cell 
volume. 

Experiments  were  also  done  on  Phoenix  I  to 
investigate  effects  of  nonuniform  electron- 
beam  distribution  on  laser  pulse  width. 
Electron-beam  energy  distribution  along  the 
optical  axis  of  the  laser  cell  has  previously 
been  measured  to  have  a  FWHM  of  44  cm.  8 
To  investigate  whether  slower  H2-F2  reac¬ 
tions  at  the  ends  of  the  laser  cell  where  the 
energy  density  is  smaller  contribute  to  a 
longer  pulse  width,  re-entrant  window 
holders  were  used  on  each  end  to  shorten  the 
active  length  from  91  cm  to  4  6  cm.  The 
arrangement  is  shown  schematically  in 
Fig.  10.  For  these  measurements,  a  gas 
mixture  of  F2:02:H2  of  800:240:200  torr  was 
used  and  the  results  with  the  re-entrant  win¬ 
dows  were  compared  with  measurements 
when  sapphire  windows  were  placed  directly 
on  the  ends  of  the  Phoenix  I  cell.  With  the 
windows  on  the  ends  of  the  cell,  the  average 
energy  output  (sum  of  both  ends)  was  168  J 
and  the  average  laser  pulse  width  was  43  ns. 
With  the  46-cm-long  cavity  using  re-entrant 
windows,  the  total  energy  (both  ends)  was 
71  J  and  the  average  pulse  width  was  56  ns. 
The  reason  for  the  increase  in  pulse  width 
with  the  short  cavity  is  not  understood  at  this 
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time.  However,  it  is  apparent  that  the 
smaller  electron-beam  energy  density  near 
the  ends  of  the  amplifier  cell  is  not  respon¬ 
sible  for  a  lengthening  of  the  laser  pulse. 

The  ratio  of  the  energy  output  with  the  46- 
cm  cavity  to  the  output  with  the  91- cm  cavity 
is  0.  42,  while  the  ratio  of  the  areas  of  the 
apertures  for  the  two  cavities  is  0.  44. 
Therefore,  if  the  laser  radiation  were  pro¬ 
pagating  predominantly  parallel  to  the  cavity 
axis,  the  energy  measurements  would  be 
consistent  with  both  cavities  containing  the 
same  laser  energy.  Further  measurements 
would  be  required  to  determine  if  this  is  in¬ 
deed  the  case. 


LASER  CELL 


Fig.  10.  Re-entrant  window  configuration 
for  Phoenix  I. 

The  output  energy  of  the  amplifier  configured 
as  an  oscillator  was  compared  for  two  differ¬ 
ent  values  of  cavity  coupling  to  estimate 
extractable  energy.  For  these  comparisons, 
the  F2/O2/H2  pressures  were  800/240/200 
torr.  In  the  first  case,  the  cavity  reflectors, 
spaced  at  91  cm,  consisted  of  a  gold  mirror 
and  a  sapphire  flat.  The  product  of  reflec¬ 
tivities,  rqrl,  for  this  cavity  was  134* 

In  the  second  case,  sapphire  flats  were 
placed  on  each  end  of  the  Phoenix  cell  giving 
a  value  of  RQRL  of  °-  019-  Figure  11  shows 
the  normalized  output  energy  for  the  two 
couplings.  The  output  energy  was  constant, 
within  experimental  error,  for  these  largely 
different  couplings.  This  indicates  that  the 
energy  measured  with  the  amplifier  config¬ 
ured  as  an  oscillator  gives  a  good  estimate 
of  the  energy  that  can  be  extracted  from 
Phoenix  I  operated  as  an  amplifier. 


Fig.  11.  Normalized  output  energy  as  a 
function  of  cavity  coupling. 


SATURATED  PHOENIX-I  AMPLIFIER 
EXPERIMENT 

The  objectives  of  the  saturated  amplifier 
experiment  are  to  determine  the  efficiency 
of  energy  extraction  at  input  levels  up  to 
107  W/cm2  and  to  determine  the  optical 
beam  quality. 

The  experimental  setup  is  shown  schemati¬ 
cally  in  Fig.  12.  The  output  from  a  small 
pin  discharge  is  amplified  by  two  discharge 
driven  preamplifiers.  The  output  of  this 
system  is  about  1  J  in  a  pulse  (FWHM)  = 

100  ns  and  consists  of  about  23  P-branch 
lines.  These  spectral  lines  are  listed 
below: 


P1(6-8)  P4(4-9) 

P2(4-8)  P5(4-7) 

P3(5-9) 
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Fig.  12.  Schematic  diagram  of  saturated 
amplifier  experiment. 

The  output  from  the  oscillator -preamplifier 
system  will  drive  an  electron-beam-initiated 
intermediate  amplifier  operating  with  mix¬ 
tures  of  H2  and  F2.  The  output  from  this 
amplifier  should  be  about  30  J  with  a  FWHM 
of  40  ns.  This  optical  beam  will  be  expanded 
and  directed  into  the  Phoenix  I  final  amplifier. 
The  energy  extracted  from  this  amplifier 
will  then  be  measured  as  a  function  of  input 
intensity. 


Measurements  will  also  be  made  of  the 
amount  of  total  amplified  spontaneous  emis¬ 
sion  (ASE)  radiated  by  the  Phoenix  amplifier 
and  also  the  amount  of  ASE  radiated  on  a 
single  vibration-rotation  transition. 


high- gain  systems.  Generally,  the  techni¬ 

que  allows  for  the  amplification  of  any  num¬ 
ber  of  pulses,  sequentially  arranged  in  time 
so  that  their  summed  pulse  widths  approxi¬ 
mate  the  total  gain  time  in  the  amplifier 
medium.  By  coding  each  beam  in  space  in 
some  manner,  the  beams  can  then,  in  prin¬ 
ciple,  be  separated  after  the  amplifier  and 
then  recombined  temporally  and  spatially  to 
create  a  single,  short  pulse.  In  practice, 
the  coding  can  be  accomplished  by  bringing 
in  each  beam  at  a  slightly  different  angle 
with  respect  to  the  amplifier  axis.  The  con¬ 
cept  has  been  demonstrated  on  a  small  scale, 
using  the  high-gain  infrared  transition  in 
xenon  around  3.  39  microns.1®  Using  two 
separate  oscillator  beams,  this  study 
showed  that  with  pulses  whose  pulsewidths 
(FWHM)  were  approximately  one-half  the 
measured  gain  time  of  the  amplifier  each 
was  amplified  without  significant  temporal 
distortion  of  the  individual  pulses.  Also, 
the  amplified  spontaneous  emission  (ASE) 
was  well  suppressed.  10  The  experiment 
described  here  is  intended  to  evaluate  the 
angular  multiplexing  technique  in  an 
electron-beam-initiated  HF  amplifier  of  ap¬ 
propriate  scale  (several  hundred  joules  per 
beam).  This  experiment  is  intended  to  com¬ 
mence  in  the  spring  of  1979. 

Design  Considerations 


After  the  energy  extraction  part  of  the  experi¬ 
ment  is  completed,  the  output  beam  will  be 
focused  through  small  diameter  pinholes  by 
using  an  off-axis  parabolic  mirror  to  deter¬ 
mine  the  beam  quality. 

At  present,  the  energy  extraction  experiment 
is  being  set  up  and  timing  of  the  various 
oscillator-amplifier  drivers  is  underway. 

The  present  plans  are  for  both  parts  of  this 
experiment  to  be  completed  by  the  end  of 
December  197  8. 


PLANS  FOR  TWO-BEAM  ANGULAR  MULTI¬ 
PLEXING  DEMONSTRATION  IN  A  LARGE - 
VOLUME  HF  AMPLIFIER 

Angular  multiplexing  has  been  proposed  as  a 
technique  for  short  pulse  amplification  in 


The  amplifier  cell  (Phoenix  II)  will  be  driven 
by  the  Maxwell  Poco  Beam  Electron-Beam 
Machine,  as  is  the  current  cell  (Phoenix  I). 
In  order  to  provide  scaling  information  for 
the  HF  code  and  to  allow  for  up  to  several 
hundred  joules  per  beam  in  the  two-beam 
multiplexing  experiment,  the  size  of  the 
Phoenix  II  cell  was  chosen  to  be  four  to  five 
times  the  size  of  the  Phoenix  I  cell.  Figure 
13  shows  a  schematic  illustration  of  the 
Phoenix  II  cell  together  with  some  of  the 
pertinent  characteristics.  The  dimensions 
of  the  two  probe  beams  are  shown  consider¬ 
ably  smaller  than  the  optimum  size  in  order 
to  emphasize  their  individual  spatial  rela¬ 
tionships  within  the  amplifier.  A  rectangu¬ 
lar  cell  was  chosen  in  order  to  minimize  the 
volume  in  the  cell  which  is  unprobed  by 
either  beam.  For  a  given  beam  path  length, 
a  circular  beam  tends  to  fill  a  slightly 
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smaller  volume  in  a  cylindrical  cell  than 
does  a  rectangular  beam  in  a  rectangular 
cell.  The  unprobed  volume  is  not  a  severe 
design  restraint,  however,  since  it  could  be 
completely  eliminated  by  a  beam  on  axis  or 
with  suitably  designed  baffles. 


where  2d  is  the  separation  of  the  beams  at 
distance  L  (determined  from  mirror  mount¬ 
ing  considerations)  and  is  chosen  to  be 
as  large  as  possible  accounting  for  the 
vignetting  created  in  the  off-axis  configura¬ 
tion: 


ELECTRON  BEAM 
/  /  / 


•  15  cm  SQUARE  APERTURE 

•  VOLUME  =  15.8  LITERS 

•  WINDOWS  -  AR  COATED  SAPPHIRE 
(1.25  In  THICK)  AT  10°  TO  NORMAL 

•  2.5%  UNPROBED  VOLUME  (TWO  BEAMS) 

WITH  15.2  METER  PATH  LENGTH 

Fig.  13.  Schematic  of  the  Phoenix  II  cell. 

The  two  oscillator  beams  are 
shown  smaller  than  their  true 
sizes  relative  to  the  cell.  The 
incident  angles  are  exaggerated 
to  illustrate  the  spatial  relation¬ 
ships  in  two-beam  angular  multi¬ 
plexing. 

The  electron-beam  entrance  foil  and  the  over¬ 
pressure  blowout  diaphragm  structure  are 
both  designed  to  be  in  a  re-entrant  configura¬ 
tion.  In  this  manner,  the  active  volume  is 
defined  in  part  by  these  two  structures  and 
any  "dead’1  volume  along  the  sides  which  is 
not  accessible  to  the  probe  beams  is  almost 
eliminated. 

For  rectangular  beams  of  height  Wa  (equal 
to  the  amplifier  height)  and  width  and  for 
a  given  optical  path  length  L  (measured  from 
the  cell  center),  the  minimum  angle  (n)  that 
one  beam  makes  with  respect  to  the  ampli¬ 
fier  axis  is  given  by  (for  small  a) 

Wb(wr+  °-5) 

- - V _ b _ L  m 


(2) 


where  La  is  the  overall  length  of  the  ampli¬ 
fier  cell.  From  Eqs  (1)  and  (2),  one  sees 
that  the  desired  beam  spacing  at  distance  L 
determines  the  appropriate  beam  width  and 
relative  input  angle.  This  in  turn  deter¬ 
mines  the  fraction  of  the  amplifier  volume 
which,  for  the  two  beam  case,  is  not  probed 
by  either  beam.  For  a  rectangular  cell  this 
volume  is  given  by 


V  = 


V  L  Tan  a 
a  a _ 

2W 

a 


V  L  a 
a  a 


2W 
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where  V&  is  the  amplifier  volume.  For  the 
Phoenix  II  cell  (La  =  80  cm)  and  for  a  path 
length  of  15.  24  m  (50  ft),  one  obtains  a  =  9.  5 
mrad,  V/Va  =  2.  5%  for  2d  =  Wj-,. 

The  energy  deposition  characteristics  of 
Phoenix  II  will  depend  largely  on  the  new 
diode  operation  which  is  currently  in  the  de¬ 
sign  stage.  However,  these  characteristics 
are  expected  to  be  similar  to  those  of 
Phoenix  I  (about  17  J/j2-atm  deposited  for 
the  "standard"  mixture  of  F2:02:H2  = 

1:0.  3:0.  25).  For  a  2-atm  mixture  under 
these  conditions,  a  trial  run  was  done  with 
Sandia's  HF  code  and  the  results  are  shown 
in  Fig.  14.  The  top  graph  shows  the  ASE 
time  history  under  these  conditions,  and  the 
bottom  graph  illustrates  the  input  beams 
(solid  lines)  and  the  calculated  amplifier 
outputs  (dashed  lines).  For  this  case,  the 
two  input  beams  were  chosen  to  have  a  pulse 
width  of  25  ns  (FWHM)  with  relative  time 
delays  selected  so  that  the  sum  of  the  input 
intensities  in  the  region  where  the  beams 
overlap  was  more  or  less  constant.  Inas¬ 
much  as  the  code  does  not  distinguish 
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between  the  two  beams  in  the  region  where 
they  overlap,  the  bottom  curves  in  Fig.  14 
were  obtained  by  apportioning  the  computed 
output  intensity  among  the  two  beams  in 
accordance  with  their  relative  input  inten¬ 
sities  at  any  given  point.  From  this  figure, 
it  is  clear  that  the  two  areas  of  concern  re¬ 
garding  possible  temporal  pulse  distortion 
are  at  the  leading  edge  of  the  first  pulse  and 
the  trailing  edge  of  the  second  pulse:  these 
are  the  two  periods  of  nonlinear  gain  in  the 
amplifier.  In  order  to  perform  the  experi¬ 
ments  at  pulse  widths  in  the  range  of  10  ns 
to  15  ns  per  beam,  it  is  assumed  that  the 
Phoenix  II  amplifier  can  be  scaled  down  in 
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Fig.  14.  Results  of  a  preliminary  run  with 
Sandia' s  HF  code  applied  to  the 
Phoenix  II  experiment.  The  top 
curve  shows  the  duration  of  the 
amplified  spontaneous  emission 
(ASE)  in  the  forward  (+ )  and  back¬ 
ward  (-)  direction  with  no  input 
beam.  A  two-atm  mixture  (F2/H2/ 
O2  =  800  torr/200  torr/240  torr) 
with  e-beam  deposition  similar  to 
Phoenix  I  was  assumed.  The  bot¬ 
tom  curves  show  the  two  input 
beams  (solid  lines)  and  the  resultant 
amplified  signals  (dashed  lines). 


pulse  width  in  accordance  with  Fig.  14. 
Figure  15  shows  the  experimental  layout 
including  the  oscillator-preamplifier  with  a 
polarization  switch  to  create  the  short  (10  ns 
to  15  ns)  pulse.  11  This  beam  is  amplified  in 
the  electron-beam-initiated  preamplifier  and 
the  short  pulse  is  switched  out.  This  beam 
is  subsequently  filtered  and  beam  expanded 
to  match  the  Phoenix  II  cell.  A  50-50  beam 
splitter  splits  this  beam  into  two  beams  of 
approximately  equal  intensity.  By  translat¬ 
ing  this  splitter,  it  is  possible  to  create  the 
desired  path  differences  between  the  two 
beams.  According  to  current  estimates,  we 
expect  nearly  10^  W/  cm2  (single  beam)  input 
to  the  Phoenix  II  amplifier  and  nearly  5  x 
10 6  W/cm2  for  the  angular  multiplexing 
experiment. 


Fig.  15.  Beam  paths  and  principle  equip¬ 
ment  layout  for  the  two-beam 
angular  multiplexing  experiment. 
The  dots  and  dashes  correspond  to 
the  two  equally  intense  beams 
which  are  created  at  a  50-50  beam 
splitter.  The  diagnostic  layouts 
are  not  shown  here. 
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Experimental  Goals 

The  two-beam  multiplexing  experiment  is 
intended  to  demonstrate  efficient  energy 
extraction  from  the  Phoenix  II  amplifier 
while  suppressing  the  ASE  from  this  ampli¬ 
fier,  The  observed  parameters  will  be 
evaluated  against  the  single-beam  oscillator- 
amplifier  characteristics  which  are  expected 
to  cover  a  range  of  input  intensities  up  to 
107  W/cm^,  Measurements  will  include  the 
contrast  ratio  of  amplified  pulses,  beam 
quality  using  shear -plate  interferometry, 

ASE  (forward  and  backward),  and  spatial 
profiles  of  the  beams.  It  is  expected  that 
each  of  these  parameters  will  depend  strong¬ 
ly  on  the  individual  pulse  widths  and  relative 
time  delays.  Provisions  have  been  made  to 
allow  the  variation  of  both  of  these  para¬ 
meters  over  the  expected  range. 


DIAGNOSTIC  EXPERIMENTS  FOR 
DETAILED  CODE  COMPARISON 

In  an  attempt  to  explain  some  of  the  discre¬ 
pancies  that  exist  between  the  HF  kinetic 
model  and  experiments,  a  small  electron- 
beam-initiated  laser  is  being  constructed 
that  will  be  used  solely  for  diagnostic 
experiments.  This  laser  will  use  an  existing 
electron-beam  system  (Physics  International 
Model  215  WR  Pulserad).  The  laser  cell  is 
designed  so  that  on  the  order  of  100  J/l-atm 
will  be  deposited  uniformly  in  the  gas,  which 
is  similar  to  deposited  energy  of  the  larger 
electron-beam-initiated  lasers.  Detailed 
energy  deposition  measurements  will  be  done 
with  segmented  totally  stopping  calorimeters. 

The  diagnostic  experiments  to  better  under¬ 
stand  the  kinetics  of  the  laser  will  include 
measurements  of  (1)  electron-beam  deposi¬ 
tion  in  Fg,  (2)  the  density  of  fluorine  atoms 
initially  produced  by  the  electron-beam, 

(3)  the  rate  of  F2  disappearance  in  a  standard 
laser  gas  mixture,  (4)  the  small-signal  gain 
on  several  vibration-rotation  transitions, 
and  (5)  time-resolved  laser-output  spectra. 

The  F-atom  concentration  will  be  measured 
by  the  HC1  titration  technique.  This  involves 
reaction  of  F  with  HC1  to  produce  HF.  The 
number  of  HF  molecules  produced  will  then 


be  determined  by  absorption  spectroscopy. 
One  potential  problem  could  be  the  reaction 
of  Cl  with  F2  to  produce  an  additional  F 
atom.  However,  evidence  in  the  literature 
indicates  that  this  second  reaction  will  be 
slow  on  the  time  scale  of  the  experiment. 
Also,  there  is  data  that  suggest  that 
electron-beam  dissociation  of  HC1  will  be 
small. 

The  rate  of  F2  disappearance,  which  will 
yield  the  total  chain-reaction  time,  will  be 
monitored  by  using  a  frequency-doubled  dye 
laser  to  measure  absorption  on  the  285-nm 
band  of  F2.  Potential  problems  here  arise 
from  the  fact  that  in  a  standard  laser  mix 
the  temperature  increases  significantly  fol¬ 
lowing  electron-beam  initiation.  The  F2 
absorption  cross  section  can  be  inferred  at 
elevated  temperatures,  but  a  measurement 
may  be  required. 

The  other  diagnostics  on  the  experiment  use 
well-established  methods  of  measurement, 
and  problems  are  not  anticipated  in  obtaining 
these  data. 


NUMERICAL  MODELING  OF  HF  LASER 
PERFORMANCE 

In  the  last  semiannual  report,  electron- 
beam  deposition  nonuniformity  was  shown  to 
be  an  important  factor  in  modeling  two  HF 
chemical  laser  oscillator  experiments. 

When  deposition  nonuniformity  was  taken  in¬ 
to  account,  previously  noted  discrepancies 
between  experiment  and  prediction  were 
significantly  reduced.  Most  importantly, 
reasonable  results  were  then  obtained  by 
using  an  F-atom  production  cost  consistent 
with  published  values  (5  eV). 

Comparison  has  now  been  extended  to  an 
additional  pressure  regime  for  one  of  the 
above  oscillator  experiments  and  to  include 
a  third  oscillator  experiment  and  two  ampli¬ 
fier  experiments.  Also,  a  sensitivity  study 
has  been  carried  out  to  assess  the  possibil¬ 
ity  that  errors  in  the  various  rates  explain 
the  remaining  discrepancies. 

In  the  last  report,  it  was  shown  that  the 
observed  long  tail  in  the  output  power  pulse 
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of  the  Febetron  706  initiated  laser  can  be 
predicted  when  deposition  nonuniformity  is 
taken  into  account.  The  correct  prediction 
of  output -energy  dependence  on  oxygen  pres¬ 
sure  then  follows  (Fig.  16).  Comparison  at 
double  the  indicated  partial  pressures  has 
since  been  completed  (Fig.  17).  The  results 
show  that  doubling  the  pressure  does  not 
result  in  doubling  the  output  energy  and,  in 
fact,  leads  to  reduced  output  at  the  higher 
C>2  fractions.  The  computer  model  shows 
that  this  is  a  result  of  the  chain  terminating 
reactions  which  form  HO2  and  FOg,  coupled 
with  the  relatively  weak  initiation  strength. 
Had  the  initiation  strength  in  these  experi¬ 
ments  been  sufficiently  strong,  the  chain 
terminating  reactions  would  not  have  been 
important  in  the  time  scale  required  for  the 
chain  reaction,  and  the  reported  oxygen 
effects  would  not  have  been  seen. 

As  was  reported  in  the  last  semiannual 
report,  radial  deposition  profile  measure¬ 
ments,  obtained  from  the  \  -geometry  laser 
suggested  that  deposition  nonuniformity  must 
be  accounted  for  in  modeling  these  experi¬ 
ments.  This  was  accomplished  by  dividing 
the  cylindrical  laser  medium  into  concentric 
regions,  each  assigned  a  deposition  energy 
density  corresponding  to  its  radial  position. 


Fig.  16.  Comparison  of  measured  and  cal¬ 
culated  output  energy  for  the 
Febetron-706  experiments. 


The  model  predictions  for  each  region  were 
added  together  with  proper  volume -based 
weightings,  to  obtain  "composite  solutions.  " 
Results  were  presented  for  an  oscillator 
case,  showing  greatly  improved  agreement 
with  experiment,  at  a  reasonable  F-cost  of 
5  eV. 

The  composite-solution  approach  has  since 
been  extended  to  amplifier  cases.  Figure  18 
shows  a  set  of  input  spectral  time  histories 
for  a  particular  case.  The  amplitude  scales 
are  arbitrary  in  the  figure,  but  measured 
scale  factors  were  used  for  the  calculation. 
Figure  19  shows  the  total  input  time  history 
and  the  calculated  and  measured  amplifier 
power  output.  The  peak  power  is  only  mild¬ 
ly  overpredicted,  while  the  pulse  width  is 


TORR  02 

Fig.  17.  Comparison  of  measured  and  cal¬ 
culated  output  energy  for  the 
Febetron-706  experiments  at  dou¬ 
ble  the  pressure  of  the  previous 
figure. 
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overpredicted  by  about  a  factor  of  two,  as  in 
the  oscillator  case.  Only  moderate  ASE 
suppression  is  predicted,  in  agreement  with 
the  experiment.  The  calculations  indicate 
that  incomplete  suppression  is  due  to  spec¬ 
tral  and  temporal  mismatch  of  the  oscillator 
and  amplifier.  Figure  20  shows  (from 
another  case)  the  effect  of  temporal  mis¬ 
match  on  ASE  suppression  for  a  particular 
spectral  line.  The  ASE  in  the  absence  of  an 
input  pulse  is  seen  to  persist  from  about 
40  ns  to  120  ns  after  the  electron-beam  cur¬ 
rent  begins.  The  PjO)  input  pulse  only 
covers  the  first  half  of  this  period.  During 
that  time,  the  calculation  shows  very  strong 
ASE  suppression,  even  though  the  input 
intensity  is  less  than  100  W/cm^.  As  soon 
as  the  input  cuts  off,  the  P^)  ASE  rebounds 
to  nearly  the  unprobed  value.  Similar  results 
have  been  observed  experimentally,  as  pre¬ 
sented  in  another  section  of  this  report. 


F2  /  02  /  H2  :  400  /  120  /  100 

INPUT  LINES:  P|  (4  -  9)  ,  p2  (  3-9)  ,  P3  (5-9) 


(ns) 


Fig.  18.  Measured  input  spectral  time  his¬ 
tories  as  used  in  a  A -amplifier 
experiment.  This  experiment  was 
chosen  for  comparison  with  calcu¬ 
lation  because  a  complete  set  of 
time  histories  was  available.  The 
amplitude  scales  of  each  line  are 
in  arbitrary  units  here,  but  mea¬ 
sured  scale  factors  were  used  in 
the  code. 


Fig.  19.  Calculated  and  measured  \- 

amplifier  response.  A  three - 
region  composite  solution  was 
used. 


Fig.  20.  Calculated  effect  of  temporal  mis 
match  on  Pi(9)  ASE  suppression 
for  the  X- amplifier  innermost 
annulus. 
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For  the  Phoenix  I  laser  experiments,  less  is 
known  about  deposition  level  and  uniformity. 
The  two-dimensional  Monte-Carlo  CYLTRAN 
suggests  significantly  lower  deposition  than 
in  the  X- geometry  core  but  with  considerably 
more  uniformity  as  depicted  in  Fig.  21.  For 
the  transverse  excitation,  uniform  deposition 
is  assumed.  Figure  22  shows  a  comparison 
of  computed  and  measured  oscillator  power 
output.  As  in  the  x-geometry  cases,  pre¬ 
dicted  peak  power  is  slightly  high,  but  the 
main  difficulty  is  pulse-width  overprediction. 
In  the  calculation,  the  second  peak  is  caused 
by  FC>2  breakup  with  increasing  temperature. 
For  the  Phoenix  I  amplifier  extraction 
experiments,  the  X-geometry  oscillator  out¬ 
put  was  used  as  input  to  Phoenix  I.  Since  a 
complete  set  of  spectral  time  histories  was 
not  available,  the  missing  histories  were 


Fig.  21.  Result  of  a  two-dimensional  Monte- 
Carlo  calculation  (CYLTRAN)  of 
electron-beam  deposition  in  the 
transversely  excited  oscillator  / 
amplifier. 


assumed  to  be  identical  to  those  of  nearest- 
neighbor  transitions.  The  resulting  set  is 
shown  in  Fig.  23.  Experimentally  deter¬ 
mined  scale  factors  for  each  line  were  used 
in  the  calculations.  The  predicted  output 
power  is  compared  with  experiment  in  Fig. 
24  for  the  case  of  an  input  intensity  of  10? 
W/cm2.  In  this  case,  the  pulse  width  is  not 
overpredicted  because  the  input  pulse  is 
shorter  than  the  predicted  gain  pulse  width. 
Finally,  in  Fig.  25,  the  calculated  and  mea¬ 
sured  results  of  the  energy  extraction 
experiment  are  shown.  Energy  extraction  is 
overpredicted  for  very  low  input  power 
levels  possibly  because  of  parasitic  oscilla¬ 
tions  in  the  amplifier. 

1-METER  CAVITY 

RQ  -  .  98  Rl  •  0. 06 

F2/H2/02  ■  800/200/240  TORR 

0.1  J/TORR  DEPOSITED  IN  2  LITERS;  5  ev/F 

5  x  7.5  x  45  Cm3  ACTIVE  MEDIUM 


Fig.  22.  Comparison  of  calculated  and 
measured  Phoenix  I  oscillator 
output -power  vs  time. 
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Fig.  23.  Measured  input  spectral  time  his¬ 
tories  used  in  the  A-oscillator/ 
Phoenix  I  amplifier  extraction 
experiments  and  calculations.  As 
shown,  these  are  approximations 
to  the  oscillograms.  The  ampli¬ 
tude  scales  here  are  in  arbitrary 
units;  however,  the  experimentally 
determined  scale  factors  are  used 
in  the  calculations. 
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Fig.  25.  Calculated  and  measured  Phoenix  I 
amplifier  energy  extraction  as  a 
function  of  peak  input  power.  Alsc 
shown  is  the  measured  extraction 
by  an  optimized  cavity. 


Most  recently,  a  sensitivity  study  has  been 
carried  out  to  assess  the  effect  of  the  vari¬ 
ous  kinetic  rates  on  the  remaining  discre¬ 
pancies  between  model  prediction  and 
experiment.  First,  the  model  kinetics  were 
updated.  The  model  prediction  for  the  \- 
geometry  oscillator  case  was  then  shown  to 
be  in  very  good  agreement  with  an  equivalenl 
aerospace  calculation  (Fig.  26).  Finally, 
the  A-geometry  oscillator  case  was  recalcu¬ 
lated  a  number  of  times,  each  time  varying 
one  of  the  groups  of  energy- exchange  rates 
by  a  factor  of  3  to  5.  The  pressure  broaden 
ing  coefficients  were  increased  by  a  factor 
of  3  in  one  case.  In  was  found  that  only  an 
increase  in  HF  V-T  deactivation  equivalent 
to  increasing  the  self- deactivation  rate  by  a 
factor  of  5  would  elminate  the  pulsewidth 
overprediction.  Figures  27  through  29 
illustrate  this  effect.  The  Phoenix-I  ampli¬ 
fier  case  has  not  yet  been  run,  but  it  is 
expected  to  be  consistent  with  the  other 
results. 


Fig.  24.  Comparison  of  measured  and  cal¬ 
culated  Phoenix  I  amplifier 
response. 
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.  26.  Demonstration  that  the  Sandia 

HFOX  and  Aerospace  SOS  calcula¬ 
tions  of  one-point  short-pulse 
oscillator  output  are  the  same  for 
same  input  quantities.  Shown  is 
X- oscillator  output  power  vs  time 
for  a  400  torr  F2,  100  torr  H2, 

120  torr  02  case. 
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Fig.  28.  Improved  agreement  between  trans¬ 
versely  excited  oscillator  experi¬ 
ment  and  calculation  when  a  deacti¬ 
vation  equivalent  to  increasing  the 
HF-HF  V-T  rate  by  a  factor  of  5  is 
introduced.  Updated  hot  and 
rotational-relaxation  rates  have 
also  been  used. 
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Fig.  27.  Improved  agreement  between  X- 

oscillator  experiment  and  compos¬ 
ite  calculation  when  a  deactivation 
is  introduced  equivalent  to  increas¬ 
ing  the  HF-HF  V-T  rate  by  a 
factor  of  5.  Updated  hot  and 
rotational-relaxation  rates  have 
also  been  used. 
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Fig.  29.  Improved  agreement  between  \- 

amplifier  experiment  and  compos¬ 
ite  calculation  when  a  deactivation 
is  introduced  equivalent  to 
increasing  the  HF-HF  V-T  rate  by 
a  factor  of  5.  Updated  hot  and 
rotational  rates  have  also  been 
used. 
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IODINE  LASER  PROGRAM 

OVERVIEW 

We  now  know  that  an  iodine  laser  system  can 
be  built  that  would  satisfy  all  near-term  re¬ 
quirements  of  laser  fusion  including  the 
driver  of  an  experimental  power  reactor,  but 
its  efficiency  needs  to  be  improved  before  it 
can  be  considered  as  a  driver  for  a  commer¬ 
cial  ICF  power  generator.  With  available 
technology,  the  best  electrical  efficiency  that 
can  be  realized  for  a~  1-MJ,  l-to-10-pps 
iodine  laser  is  0.  4  to  0.  5%,  and  the  overall 
efficiency  including  regeneration  of  laser 
medium  starting  chemicals  is  0.  35  to  0.  4%. 
This  low-projected  efficiency  requires  very 
high  laser-energy-to-thermonuclear-energy 
gains  for  economically  attractive  electric 
power  generation  and  its  low  electrical  effi¬ 
ciency  would  require  a  prohibitively  high 
capital  investment  in  the  pulse  power  source. 
Surface  discharges  and  HgXe'  exciplexes 
have  been  selected  as  the  two  most  promis¬ 
ing  advanced  pump  sources  for  a  more  effi¬ 
cient  (up  to  2%)  iodine  laser.  Both  of  these 
sources  will  be  evaluated  in  near-term 
studies. 


CONTROL  OF  SELF-FOCUSING  IN  THE 
ATOMIC  IODINE  LASER 

The  previous  semiannual  report  described 
the  observations  of  whole  beam  self-focusing 
produced  within  the  SAIL- 1  main  ampli¬ 
fier.  12  The  six-level,  two-dimensional, 
time- dependent  Maxwell-Bloch  code  ISTAR-*-2 
predicted  the  self-focusing  with  good  accu¬ 
racy  and  for  that  reason  ISTAR  can  be  used 
to  predict  the  amount  of  self-focusing  in 
other  iodine  laser  systems.  The  magnitude 
and  sign  of  the  saturation- dependent  phase 
shift  that  leads  to  the  self-focusing  beam- 
propagation  instability  can  be  controlled  by 
varying  the  homogeneous,  pressure- 
produced  linewidth. 

To  explore  control  of  the  self-focusing 
effect,  series  of  ISTAR  calculations  are  pre¬ 
sented  in  Table  I  and  Fig.  30.  This  series 
was  run  with  varying  linewidth  and  inversion 
at  fixed  gain  on  the  3-4  line.  The  incident 
energy  is  also  varied  in  the  proper  manner 
to  maintain  a  fixed  amount  of  saturation  of 
the  3-4  line.  Table  I  shows  that  the  average 
Rc  (radius  of  curvature)  for  the  amplified 
pulse  varies  regularly  with  buffer  pressure; 


TABLE  I 

ISTAR  Calculations  Demonstrating  Pressure  Control 
of  Self-Focusing  in  a  1-m  Amplifier"' 


E 

o 

PAr 

SS 

°3-4 

GSS 

R 

c 

(J) 

(1023  m"3) 

(ktorr) 

(PRE) 

(PRE) 

G 

(m) 

10"9 

1.  0 

1.  0 

13.  8 

21.  2 

17.  6 

21.  83 

0.  5 

1.  0 

1.  o 

13.  8 

21.  2 

4.  0 

22.  14 

1.0 

2.  0 

2.  0 

13.  8 

42.4 

4.  8 

21.  92 

2.  0 

4.0 

4.0 

13.  8 

123.  0 

6.  2 

21.  51 

3.  0 

6.  0 

6.  0 

13.  8 

248.  5 

7.  0 

21.  39 

The  incident  Gaussian  pulse  has  a  temporal  width  of  225  ps  (FWHM)  and  the  input  amplifier 
face  is  20  m  from  the  minimum  waist  of  1.  32  mm.  PRE  denotes  quantities  evaluated  from 
photon  rate  equations;  EQ  is  input  energy,  n-y  is  initial  J  =  1/2  population,  PAr  is  broadener 
pressure,  G  is  gain,  and  Rc  is  the  average  radius  of  curvature  at  exit.  The  first  line  is 
included  as  an  undistorted  (small- signal-gain)  reference  case. 
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the  average  focusing  power  of  the  medium  is 
seen  to  pass  through  zero  between  2000  torr 
and  4000  torr  of  Ar.  The  radial  dependence 
of  Rc  for  these  cases  is  displayed  in  Fig.  30; 
the  plotted  quantity  thus  represents  a  tempo¬ 
ral,  intensity-weighted  averaging  over  the 
short  pulse.  The  temporal  average  repre¬ 
sents  the  maximum  pulse  aberration  that  can 
be  corrected  with  passive  optics.  The  im¬ 
portant  point  is  that  the  amplifiers  can  be 
stabilized  against  self-focusing  (although 
there  may  be  a  time-dependent  transverse 
dispersion  of  the  pulse)  and  should  present 
no  problem  for  further  chained  amplification 
as  long  as  the  linewidths  are  kept  appro¬ 
priately  large  by  pressure  broadening.  In 
addition,  it  should  be  mentioned  that  the 
mechanism  of  self-focusing  that  is  used  here 
seems  sufficient  to  describe  all  observations. 
The  hypothesis  of  level- dependent  polariz¬ 
ability  does  not  appear  necessary. 


Fig.  30.  Theoretical  predictions  (ISTAR)  of 
the  radial  variation  in  the 
temporally-average  radius  of  cur¬ 
vature,  Rc,  of  a  pulse  amplified  by 
a  1-m  preamplifier.  Additional 
data  related  to  these  calculations 
are  contained  in  Table  I.  The  num¬ 
ber  by  each  curve  denotes  the  Ar 
pressure  in  ktorr  and  corresponds 
to  the  same  case  of  Table  I. 

CHEMICAL  REGENERATION 

As  is  well  known,  the  usual  starting  material 
employed  in  an  iodine  laser  is  a  perfluoro- 
alkyl  iodide,  RI,  some  of  which  is  converted 
to  R2  and  I2  during  the  operation  of  the  laser. 


Economical  operation  of  a  large  iodine  laser 
system  requires  that  the  R2  and  I2  so  formed 
be  regenerated  to  RI  with  an  energy  effi¬ 
ciency  of  at  least  a  few  percent.  Previous 
reports^,  15  have  dealt  with  the  amount  of 
R2  likely  to  be  produced  consequent  to  laser 
operation  and  with  two  schemes  for  convert - 
ing  I2  plus  the  very  stable  R2  molecules  to 
RI.  Recent  experimental  results  are  pre¬ 
sented  in  the  following  material,  and  pro¬ 
jected  chemical  efficiency  is  given  as  a  func¬ 
tion  of  amplifier  size. 

Laser  Induced  Chemistry  Experiments 

Reference  14  discusses  experiments  in 
which  the  formation  of  CF3H  from  mixtures 
of  C2Fg  and  H2  was  studied.  The  CgFg/Hg 
system  was  investigated  rather  than  the 
C2Fg/I2  system  because  the  strong  absorp¬ 
tion  coefficient  of  CF3I  would  have  needless¬ 
ly  complicated  initial  experiments.  It  was 
found  that  the  irradiation  of  C2Fg/H2  mix¬ 
tures  with  the  9.  192-jum  R(36)  C02  laser 
line  at  a  fluence  of  6  J/  cm^  resulted  in  the 
formation  of  CF3H.  It  is  thought  that  the 
laser -induced  formation  of  CF3H  proceeds 
through  the  dissociation  process 

C2F6  2  CF3  (4) 

followed  by  reaction  of  CF3  with  hydrogen, 
as  is  discussed  in  detail  in  Reference  16. 

The  laser  energy  absorbed  per  molecule  of 
CF3H  formed  was  found  to  be  3.9  eV,  a  value 
only  about  50%  larger  than  can  be  explained 
by  dissociation  requirements  alone. ^  More 
recently,  the  formation  of  CF3CI  in  laser- 
irradiated  C2Fg/Cl2  mixtures  was  studied, 
and  it  was  found  that  the  absorbed  energy 
per  molecule  of  CF3CI  formed  was  4.  3  eV. 
Within  experimental  error,  the  energy  re¬ 
quirements  for  formation  of  CF3H  and  CF3CI 
are  the  same,  as  is  to  be  expected  if  the 
dissociation  of  C2Fg  defines  the  energy  re¬ 
quirement.  It  is  thus  reasonable  to  project 
an  energy  requirement  of  about  4  eV  per 
molecule  of  CF3I  for  regeneration  of  C>F g/I2 
mixtures. 

The  figure  of  merit  (or  "efficiency")  of  a 
chemical  regeneration  process  is  defined  as 
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(5) 


V 


R 


energy  input  to  regeneration  process 


charge  Techniques 


and  this  may  be  expressed  as 

T?R  =  0.  94^/CM  Eabs(eV)]  (6) 

where  r?s  is  the  efficiency  of  the  energy 
source  used  to  induce  regeneration,  \p  is  the 
fraction  of  its  output  energy  actually  utilized, 
Eabs  is  the  absorbed  energy  per  regenerated 
molecule,  and  M  is  the  number  of  RI  mole¬ 
cules  converted  to  R2  per  photon  extracted 
from  the  laser.  Values  of  M  for  different  RI 
molecules  and  laser  operating  conditions  are 
tabulated  in  Ref.  15,  where  it  is  shown  that 
the  value  of  M  is  0.  96  for  a  heavily  saturated 
amplifier  using  5-torr  CFgl  and  3000-torr 
Argon.  A  photolytic  pump  pulse  width  of 
1  jus  and  47%  photolysis  are  also  assumed. 
For  purposes  of  illustration,  7?s  is  taken  to 
be  0.  2  for  the  pulsed  CC>2  laser  1^,18  ancj  ip 
is  taken  to  be  0.  5.  The  value  of  corre¬ 
sponding  to  the  4  eV  per  molecule  required 
for  regeneration  of  CF3I  is  then  77-^  =  0.  025. 
Thus,  the  laser-induced  regeneration  pro¬ 
cess  does  have  a  figure  of  merit  of  at  least 
a  few  percent,  but  a  better  regeneration  effi¬ 
ciency  would  clearly  be  desireable. 

Several  possibilities  exist  for  obtaining 
larger  values  of  7}-^  as  can  be  seen  from  Eq 
(6).  A  process  having  a  larger  value  of  the 
product  7 can  be  sought,  and  one  such  is 
described  later  in  this  report.  Alternatively, 
regeneration  by  using  the  laser  process  can 
be  attempted  for  RI  species  associated  with 
values  of  M  appreciably  less  than  unity. 

From  Ref.  15,  a  typical  value  of  M  for 
i-CgFyl  is,  for  instance,  about  0.  1.  Accord¬ 
ingly,  laser-induced  chemistry  was  studied 
in  n-C4F10  /  H2  and  n-C6F14  /  H2  mixtures, 
as  well  as  in  some  others.  It  was  found  that 
n-C4F^Q  dissociates  to  the  stable  molecules 
C2F4  and  C2Fg  rather  than  to  the  radicals 
C2F5,  and  that  n-CgF14  dissociates  in  an 
analogous  manner.  These  facts  seem  to  pre¬ 
clude  the  use  of  laser-induced  chemistry  as 
a  successful  regeneration  scheme  for  C2F5I 
or  C3F7I.  It  may  be  the  case  that  CF3I  is  the 
only  iodine-laser  starting  material  to  which 
laser-induced  regeneration  is  applicable. 


The  use  of  electric  discharges  in  chemical 
recovery  of  RI  compounds  from  R2  com¬ 
pounds  involves  the  selective  breaking  of  the 
R-R  bond  in  a  low-pressure  gas  discharge  in 
such  a  manner  that  the  resulting  R  radicals 
can  react  with  iodine  to  form  the  desired  RI 
compound.  The  basic  equipment  for  this 
study  has  been  described  in  the  previous 
semiannual  report.  1  Briefly,  the  system 
consists  of  a  gas  handling  system  which 
allows  the  gas  reactants  to  flow  through  a 
tube  in  which  an  electric  discharge  is  pro¬ 
duced.  Down  stream  from  the  discharge 
tube,  mass  spectrometric  analysis  equip¬ 
ment  allows  the  quantitative  determination  of 
gas  products  emanating  from  the  discharge 
region  of  the  flow  system.  Initial  studies 
described  earlier  were  carried  out  by  using 
a  microwave  discharge  configuration.  Much 
of  the  microwave  energy  was  absorbed  into 
the  discharge  tube  rather  than  within  the 
flowing  gas.1  Thus,  the  efficiency  for  pro¬ 
ducing  CF3  radicals  from  C2Fg  was  quite 
low.  More  recently,  the  microwave  dis¬ 
charge  equipment  was  replaced  with  an  rf 
discharge  system  operating  at  about  13  MHz. 
Attempts  to  couple  rf  energy  into  the  flowing 
gas  have  been  much  more  successful. 

Initial  studies  using  C2F0  showed  that  CF3 
radicals  can  be  produced  in  the  electric  dis¬ 
charge  and  reacted  with  CI2  to  yield  CF3C1I. 
The  current  set  of  measurements  has 
involved  the  reaction  of  CF3  with  I2  to  pro¬ 
duce  CF3I.  However,  initial  attempts  to 
form  CF3I  by  using  continuous  wave  (cw),  rf 
discharges  resulted  in  very  low  product 
yields.  The  observed  low  yields  were  found 
to  result  from  the  fact  that  the  cw  discharge 
was  breaking  up  the  product  before  it  could 
effuse  from  the  discharge  region.  In  fact, 
Eujen  and  Lagow19  have  shown  that  CF3I  is 
readily  broken  up  into  CF3  and  I  with  rf  dis¬ 
charges.  In  order  to  circumvent  this  pro¬ 
blem,  a  technique  involving  short,  relatively 
high  peak  power,  rf  pulses  was  utilized. 

The  technique  allows  selective  bond  breakage 
in  C2F0  to  produce  CF3  radicals.  The 
pulses,  however,  are  terminated  before 
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significant  amounts  of  CF3I  are  formed.  If 
the  time  interval  between  rf  pulses  is  long 
enough  so  that  the  CF3I  formed  after  each  rf 
pulse  can  be  removed  from  the  discharge 
region  of  the  flow  system  before  application 
of  the  next  rf  pulse,  then  the  product  can  be 
acquired  without  further  breakup.  Utiliza¬ 
tion  of  the  pulsed  rf  discharge  technique  has 
resulted  in  greatly  improved  regeneration 
efficiencies. 

The  effect  of  utilizing  rf  pulses  of  various 
time  duration  where  the  time  between  pulses 
is  held  at  a  constant  2  ms  is  shown  in  Fig.  31. 
The  data  shown  in  this  figure  represent  a 
plot  of  the  absorbed  rf  energy  within  the  dis¬ 
charge,  in  electron  volts,  required  to  form 
a  CFgl  molecule  from  CgFg  and  I2  as  a  func¬ 
tion  of  rf  pulse  width.  The  flow  conditions 
for  the  data  shown  are  such  that  about  390 
torr  cm^  sec"-^  of  C2Fg  +  I2  was  flowing 
through  the  discharge  tube  and  the  gas  pres¬ 
sure  at  the  discharge  was  1.  2  torr  with  the 
iodine  content  having  a  mole  fraction  of  about 
0.  1.  The  results  were  not  strongly  sensitive 
to  the  I2  partial  pressure  so  long  as  excess 
I2  was  present  in  the  flow  as  a  lower  limit. 
Concerning  an  upper  limit,  best  results  were 
obtained  if  no  more  than  about  three  times 
the  actual  amount  of  I2  consumed  by  the 
chemical  reaction  was  present  in  the  flow. 
Examination  of  the  data  shown  in  Fig.  31 
reveals  that  the  use  of  rf  pulses  as  short  as 
20  jus  allows  generation  of  CF3I  with  only 
about  15%  of  the  energy  required  when  the 
discharge  is  operated  in  the  CW  mode.  The 
data  obtained  as  shown  in  Fig.  31  were  found 
to  be  essentially  independent  of  the  rf  aver¬ 
age  power  used  over  a  wide  range  in  power 
so  long  as  the  peak  power  level  was  kept  low 
enough  that  good  rf  coupling  of  the  power 
supply  to  the  discharge  tube  could  be  main¬ 
tained.  For  a  gas  pressure  of  1.  2  torr, 
peak  rf  power  levels  of  5  W  to  20  W  were 
utilized.  For  the  cw  measurements,  average 
power  levels  of  2  W  to  4  W  were  used  and  the 
absolute  product  yields  obtained  were  in  the 
same  range  as  those  obtained  for  the  case 
where  pulsed  rf  discharges  were  used. 

The  minimum  energy  required  for  chemical 
regeneration,  5.  8  eV  per  CF3I  molecule,  was 
obtained  for  the  case  where  20-jus  rf  pulses 
were  used  as  shown  in  Fig.  31.  By  use  of 


Eq  (6),  a  value  for  the  figure  of  merit,  Vr, 
for  chemical  regeneration  of  CF3I  from 
C2F6  and  I2  can  be  obtained.  In  the  present 
case,  a  value  for  the  quantity  Tjs^p  of  0.  4  is 
used.  A  value  for  M  of  0.  9  6  is  used  and  is 
appropriate  for  the  case  where  a  laser 
photolytic  pump  pulse  width  of  1  fjis  is  uti¬ 
lized.  15  With  the  above  mentioned  values, 
Eq  (6)  yields  a  value  of  =  0.  068. 


Fig.  31.  The  rf  energy  absorbed  in  the  dis¬ 
charge  in  producing  a  CF3I  mole¬ 
cule,  as  a  function  of  rf  pulse 
width.  The  data  apply  for  the  case 
where  the  rf  pulses  occur  every 
2  ms. 

Studies  concerning  the  possible  formation  of 
side  products  using  the  pulsed  rf  discharge 
technique  have  shown  that  two  such  products 
can  form  in  the  discharge  along  with  the 
desired  product,  CF3I.  These  products  are 
C2F4  and  C2F5I.  Both  of  these  products 
exhibit  relatively  higher  yields  with  respect 
to  the  CF3I  yield  as  the  average  rf  power 
level  is  increased.  The  effects  of  increasing 
the  average  rf  power  level  upon  the  relative 
yields  of  CgF^  and  C2F5I  are  shown  if  Figs. 
32  and  33,  respectively.  It  is  of  interest  to 
note  that  although  the  [CgF^J/fCFgl]  ratio  is 
relatively  low  at  the  1-W  power  level,  de¬ 
creasing  the  power  to  lower  levels  apparent¬ 
ly  would  not  allow  this  ratio  to  approach 
zero.  Examination  of  data  such  as  those 
presented  in  Fig.  33  reveals  that  under  con¬ 
ditions  of  the. present  experiments,  C2F5I 
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32.  The  relative  yield  of  CVjF^  with 
respect  to  CF3I  as  a  function  of 
average  rf  discharge  power. 


av  rf  power  (w) 

Fig.  33.  The  relative  yield  of  C2F5I  with 

respect  to  CF 3I  as  a,  function  of 
average  rf  discharge  power. 


represents  the  major  side  product  formed  in 
the  discharge  for  average  power  levels  above 
about  0.  25  W.  For  lower  power  levels  and 
particularly  under  the  conditions  of  short  rf 
pulse  widths  where  efficiencies  for  the  pro¬ 
duction  of  CF3I  are  highest,  very  low  values 
for  the  [C2F5l]  /[CFgl]  ratio  can  be  obtained. 

Additional  studies  have  been  carried  out  con¬ 
cerning  the  regeneration  of  RI  from  R2  +  I2 
where  R2  is  n-C^F^Q  or  n-CgF^.  These  in¬ 
vestigations  have  shown  that  nearly  random 
C-C  bond  breakage  occurs  when  these  mole¬ 
cules  are  passed  through  the  discharge. 

Thus,  there  appears  to  be  little  selectivity 
in  forming  the  desired  RI  compounds.  The 
high-regeneration  efficiency,  V-r  =  0.  068, 
and  good  selectivity  achieved  under  optimum 
rf  discharge  conditions  for  production  of 
CF3I  from  C2F6  and  I2  appear  to  make  CF3I 
the  best  starting  material  for  a  photolytical- 
ly  pumped  iodine  laser. 

The  results  obtained  by  using  the  rf  regen¬ 
eration  technique  are  summarized  in  Fig.  34. 
Plotted  is  the  chemical  regeneration  effi¬ 
ciency  which  can  be  projected  for  an  iodine 
amplifier,  utilizing  CF3I  as  a  function  of 


Fig.  34.  Chemical  regeneration  figure  of 
merit  for  an  amplifier  utilizing 
CF3I,  based  on  rf  experimental 
results. 
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extractable  energy.  M  is  implicity  depen¬ 
dent  upon  extractable  energy  through  the 
scaling  laws  used  to  obtain  operating  condi¬ 
tions  as  a  function  of  extractable  energy  per 
module,  as  detailed  in  Ref.  20.  The  value 
of  TJr  depends  on  photolytic  pump  pulse  width 
for’the  reason  discussed  in  Ref.  15.  From 
Fig.  34,  it  can  easily  be  seen  that,  even  for 
a  pump  pulse  width  of  10  ^ s,  the  projected 
chemical  efficiency  is  much  higher  than  the 
projected  electrical  efficiency  for  large 
modules.  The  information  summarized  in 
Fig.  34  indicates  that  the  need  for  chemical 
regeneration  will  not  be  an  important  barrier 
to  the  economical  operation  of  large  atomic 
iodine  laser  systems. 

METAL-DOPED  MICROSECOND  XENON 
FLASHLAMPS 

The  experimental  investigation  of  Te- doped 
xenon  Flashlamps-1-  has  essentially  been 
completed.  It  is  believed  that  the  behavior 
of  these  lamps  is  now  better  understood,  and 
that  some  of  the  controversy  surrounding 
previous  work  has  been  cleared  up. 

The  experimental  setup  described  in  Ref.  21 
has  been  modified,  and  two  new  pulse¬ 
forming  networks  *have  been  used.  The  first 
consists  of  a  0.  7  0-juF  storage  capacitor,  a 
0.  16-juH  total  circuit  inductance,  a  10-cm 
arc -length  by  4 -mm  bore  flashlamp,  and  a 
Tachisto  301  spark  gap.  The  current  in  this 
circuit  is  close  to  critically  damped,  and  has 
a  width  (FWHM)  of  ~  1  fx s.  The  second  con¬ 
sists  of  a  14.  2-pF  storage  capacitor,  a  0.  18- 
/uH  total  circuit  inductance,  a  10-cm  arc- 
length  by  8 -mm  bore  flashlamp,  and  a 
Tachisto  101  spark  gap.  The  current  in  this 
circuit  is  also  close  to  critically  damped, 
and  has  a  width  (FWHM)  of  ^5  ij, s.  In  both 
circuits,  the  width  (FWHM)  of  the  light  out¬ 
put  pulse  is  slightly  shorter  than  that  of  the 
current  pulse. 

Experimental  Results 

It  was  very  difficult  to  obtain  reproducible 
results  from  Te- doped  flashlamps  when  the 
initial  Te  powder  was  vaporized  by  the  main 
discharge  itself.  Gusinow^  observed  that 
reliable  results  were  difficult  to  obtain  in 


his  experiments  until  phosphorus  was  intro¬ 
duced  into  his  vacuum  system  for  study  as  a 
dopant.  ILC  reported  that  reproducible 
results  with  doped  lamps  were  not  obtainable 
in  their  experiment.  ^3  Presumably,  their 
vacuum  system  was  quite  clean.  In  the  pre¬ 
sent  experiment,  the  base  pressure  was 
5  x  10“ '  torr  (the  system  was  not  baked  out 
due  to  the  presence  of  teflon  ferrules),  and 
care  was  taken  to  avoid  contamination  by 
high-vapor  pressure  materials  such  as 
phosphorus.  All  this  suggests  that  the  good 
metal  coatings  obtained  by  Gusinow^  are 
probably  somehow  linked  to  the  presence  of 
phosphorus  in  his  vacuum  system. 

Another  approach  was  taken  to  produce  good 
Te  coatings.  The  simmer  current  used  for 
the  main  discharge  (which,  by  the  way, 
enhanced  the  lamp  efficiency  considerably) 
was  used  to  heat  the  lamp  with  the  initial 
charge  of  powdered  Te.  As  the  lamp  heated 
up,  the  Te  would  vaporize  and  coat  the  lamp 
inner  wall.  The  proper  choice  of  current 
and  Xe  back  pressure  for  good  coating  was 
very  unpredictable,  and  the  whole  process 
was  essentially  done  by  trial  and  error. 
However,  once  a  good  Te  film  was  produced 
(as  characterized  by  a  shiny,  opaque  coat¬ 
ing),  quite  reproducible  experimental  results 
were  obtainable.  The  central  2  cm  of  the 
10-cm  arc-length  was  then  used  for  testing 
and  the  remaining  area  was  masked  off  with 
black  paper.  All  of  the  data  discussed  below 
were  obtained  in  the  above  manner. 

Figure  35  shows  the  spectral  irradiance  effi¬ 
ciency  (defined  as  the  spectral  irradiance  at 
280±10  nm  divided  by  the  capacitor  bank 
energy)  for  both  doped  and  undoped  lamps. 
The  upper  and  lower  dashed  lines  represent 
the  values  for  8-mm-bore  and  4-mm-bore 
doped  lamps,  respectively.  The  spectral 
irradiance  for  doped  lamps  coated  in  the 
above  described  manner  was  practically  Xe 
pressure  independent.  It  is  clear  that  the 
values  for  the  doped  lamps  are  close  to  the 
Xe  high-pressure  asymptotes.  Most  pro¬ 
bably  the  Te  is  vaporized  and  acts  as  a  high- 
density  plasma  and  behaves  like  a  high- 
pressure  lamp.  This  is  supported  by  the 
observation  (see  below)  that  the  spectrum 
from  a  doped  lamp  is  mostly  continuum  and 
shows  much  less  structure  than  an  undoped 
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lamp,  which  has  several  strong  Xe  and  Si 
lines. 


XENON  PRESSURE  (TORR) 


Fig.  35.  Spectral  irradiance  efficiency  of 
Xe  flashlamps  at  280±10  nm  at  a 
distance  of  145  cm  (19.  6°  from 
normal  plane):  O-  -  4-mm  bore, 

0.  70  pF,  10  kV;  X"  4-mm  bore, 

0.  70  pF,  13.  5  kV;  4-mm 

bore,  0.70  pF,  17  kV;  □  8-mm 
bore,  14.  2  pF,  5  kV.  The  lower 
(upper)  dashed  line  is  the  value  for 
a  Te-doped  4-mm  (8  mm)  bore 
flashlamp  at  all  Xe  pressures.  All 
but  the  central  2  cm  of  the  10- cm 
arc-length  has  been  masked. 

Figure  36  is  a  spectrum  of  a  20-torr-Xe 
flashlamp.  The  vertical  scale  is  film 
reflectance,  but  the  film  and  complete  spec¬ 
trograph  system  have  been  absolutely  cali¬ 
brated  as  a  function  of  wavelength  in  the 
region  ranging  from  250  nm  to  300  nm. 

Figure  37  is  a  spectrum  of  a  60-torr-Xe  Te- 
doped  lamp.  As  noted  above,  a  20-torr-Xe 
Te-doped  lamp  has  essentially  the  same 
spectrum,  presumably  because  the  Te  plasma 
is  opaque  and  blocks  the  Xe  emission,  as 
well  as  being  the  major  source  of  radiation. 

It  can  be  seen  that,  on  the  average,  the 
spectral  irradiance  is  enhanced  appreciably 
in  the  region  ranging  from  250  nm  to  300  nm 
by  the  addition  of  Te  as  compared  to  a 


20-torr-Xe  lamp.  However,  the  enhance¬ 
ment  is  quite  a  bit  less  as  compared  to  a 
lamp  with  60  torr  or  more  Xe. 


240  250  260  270  280  290  300 

WAVELENGTH  (nm) 

Fig.  36.  Reflectance  vs  wavelength  for 

8-mm  bore,  20-torr-Xe  flashlamp. 
The  charge  voltage  is  5  kV  and  the 
capacitance  is  14.  2  pF.  The 
entrance  slit  width  is  100  pm. 


240  250  260  270  280  290  300 

WAVELENGTH  (nm) 

Fig.  37.  Reflectance  vs  wavelength  for 

8-mm  bore,  60-torr-Xe  Te-doped 
flashlamp.  The  charge  voltage  is 
5  kV  and  the  capacitance  is  14.2  pi 
The  entrance  slit  width  is  100  pm. 
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Table  II  summarizes  the  determined  spec¬ 
tral  irradiance  and  net  electrical  efficiency 
of  several  undoped  and  doped  lamps.  The 
spectral  irradiance  is  calculated  for  a  dis¬ 
tance  of  145  cm  normal  to  the  lamp  axis  and 
at  a  wavelength  of  280  nm.  The  efficiency 
calculated  is  based  on  a  Lambertian  spatial 
distribution  and  assumes  a  flat  400-nm  band¬ 
width.  While  it  appears  in  Figs.  36  and  37 
that  the  radiation  intensity  increases  towards 
longer  wavelengths,  most  of  this  is  due  to 
the  increased  efficiency  of  the  spectrograph 
optical  components,  and  the  actual  spectral 
irradiance  is  much  flatter.  The  efficiencies 
must  be  considered  only  as  approximate, 
however,  since  they  do  not  account  for  the 
rapidly  varying  structure  in  most  of  the 
spectra,  especially  those  of  the  undoped 


lamps.  By  comparison,  the  more  precise 
calculation  of  the  efficiency  of  an  8 -mm  bore 
20-torr-Xe  undoped  flashlamp  done  in 
Ref.  25  is  0.  045  for  the  same  bandwidth  and 
peak  current  density  as  the  fourth  entry  in 
Table  II.  Reference  25  assumed  that  the 
radiation  spatial  distribution  was  isotropic, 
because  it  was  difficult  to  determine  experi¬ 
mentally  for  the  apparatus  used.  In  the  pre¬ 
sent  experiment,  the  spatial  distribution  was 
measured  up  to  45  degrees  from  the  normal 
to  the  lamp  axis;  a  Lambertian  distribution 
fit  the  data  appreciably  better  than  an  iso¬ 
tropic  distribution.  Given  the  experimental 
uncertainties  (~  ±15%  in  the  present  experi¬ 
ment)  the  agreefrient  is  still  reasonable, 
despite  the  different  assumptions  for  the 
spatial  distribution  function. 


f 
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TABLE  II 


Flashlamp  Spectral  Irradiances  and  Efficiencies 


Lamp  Size3, 
(cm) 

Lamp 

Fill 

Energy 

(J) 

Spectral  ^radiance*5*  ^ 

J  /  cm  ^  -  nm 

.  c.  d 

Efficiency 

10  } 

c  0.4 

20-torr  Xe 

63.8 

0.19,  0.19 

0.024,  0.024 

10  x  0.4 

60-torr  Xe 

63.8 

0.29,  0.28 

0.038,  0.036 

10  -5 

c  0.4 

60-torr  Xe 
+Te 

63.8 

0.35,  0.32 

0.046,  0.041 

10  1 

00 

o 

20-torr  Xe 

177.5 

0.94,  1.0 

0.044,  0.048 

10  x  0.8 

6  0-torr  Xe 

177.5 

1.2  ,  1.3 

0.054,  0.061 

10  x  0.8 

60-torr  Xe 
+Te 

177.5 

1.3  ,  1.4 

0.060,  0.066 

cl 

Arc-length  x  bore- 

b Calculated  for  a  wavelength  of  280  nm  and  for  a  distance  of  145  cm  normal 
to  lamp  axis;  first  number  is  from  photodiode,  second  is  from  spectrograph. 


CA  flat  40-nm  bandwidth  and  a  Lambertian  spatial  distribution  are  assumed; 
first  number  is  from  photodiode,  second  is  from  spectrograph. 


dThe  ratios  of  photodiode  results  to  spectrograph  results  for  spectral- 
irradiance  compared  to  those  for  efficiency  for  a  given  lamp  may  differ 
slightly  due  to  numerical  roundoff. 
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The  results  of  the  work  on  Te-doped-Xe 
flashlamps  suggest  that  while  metal  additives 
do  enhance  the  near-uv  output  radiation  the 
degree  of  enhancement  is  such  that  they  do 
not  warrant  further  investigation  at  this 
time  with  regard  to  application  to  the  inertial 
confinement  fusion  program. 


KINETIC  PROCESSES  IN  PHOTOLYTICALLY 
PRODUCED  GROUP  VI  lS  ATOMS 


OVERVIEW 


The  class  of  gas-laser  systems  based  on  the 
excitation  of  the  p^  state  of  Group  VIA 
atoms  (e.  g. ,  O,  S,  Se,  Te)  with  energy 
extraction  on  the  p^  -►  p^  or  *S  -*p^ 
3P  transition  is  an  extremely  promising  one 
for  laser -fusion  applications.  Long  energy- 
storage  times  are  possible  since  the  state 
exhibits  a  long  radiative  lifetime  and  is 
resistant  to  deactivation  by  a  wide  variety 
of  other  species.  Also,  these  transitions 
occur  at  useful  wavelengths  (459  nm  to  790 
nm)  and  exhibit  stimulated  emission  cross 
sections  that  are  low  enough  to  inhibit  para¬ 
sitic  amplified  spontaneous  emission,  but 
not  so  low  that  the  medium  cannot  be  satu¬ 
rated  at  reasonable  energy  fluences. 


Previous  work  has  shown  that  these  excited 
atomic  species  can  be  produced  with  high 
quantum  yield  by  the  photodissociation  of 
simple,  triatomic  molecules,  e.  g. ,  N2O, 
OCS,  or  OCSe.  Those  studies  were  per¬ 
formed  with  weak  illumination  which  pro¬ 
duced  a  small  fractional  photolysis  of  the 
triatomic  and  low  excited  -  atom  den¬ 
sities.  For  these  conditions,  the  quenching 
of  atoms  is  dominated  by  two-body  colli¬ 
sions  with  the  parent  triatomic  and/or  added 
diluents.  High-intensity  photolysis  of  OCS 
with  146-nm  radiation  and  OCSe  with  172-nm 
radiation  has  produced  S(  *S)  and  Se(1S)  den¬ 
sities  near  10 16  cm"3,  However,  rapid 
quenching  of  both  S(*S)  and  Se(^S)  has  been 
observed  for  these  conditions,  and  electrons, 
produced  initially  by  photoionization  of  the 
excited  atoms,  have  been  inferred  as  the 
quenching  agent.  In  the  remainder  of  this 
section,  we  describe  the  use  of  the  Fp'  laser 
to  photolytically  produce  high  densities  of 


S(*S)  atoms,  our  examinations  of  electron 
production  and  the  photoionization  cross  sec¬ 
tion  at  157  nm  and  the  quenching  kinetics  of 
S(*S)  atoms. 


LASER  PHOTOLYSIS  OF  OCS  AT  157  nm; 
S(!S)  PRODUCTION,  PHOTOIONIZATION, 
AND  LOSS  KINETICS 

Apparatus 

The  apparatus  used  for  the  present  measure¬ 
ments  is  shown  in  Fig.  38.  An  electron- 
beam  pumped  molecular  fluorine  laser  which 
we  developed  and  have  described  in  detail  in 
previous  reports  ^  is  used  as  the  photolysis 
source  to  dissociate  OCS  to  S(^S)  at  157  nm. 
This  laser  was  vacuum- coupled  to  a  separate 
cell  which  contained  the  OCS  to  be  photo- 
lyzed.  The  laser  output  was  apertured  to 
illuminate  uniformly  a  1.  8-cm2  area  of  the 
OCS- containing  cell.  A  cross-sectional  view 
of  this  cell  is  shown  in  Fig.  39.  The  laser 
energy,  which  could  be  varied  from  1  mJ/ 
cm2  to  100  mJ/cm2,  was  measured  by  a 
calibrated  Scientech  calorimeter  mounted  on 
the  laser  axis  at  the  back  of  the  cell.  A  35- 
GHz,  cw,  microwave  generator  provided 
approximately  5  mW  of  power  through  a 
waveguide  on  one  side  of  the  cell  to  a  detec¬ 
tor  mounted  on  the  opposite  side  of  the  cell 
at  right  angles  to  the  F2'"  laser  axis.  Re¬ 
entrant  MgF2  windows  on  the  cell  along  the 
microwave  axis  confined  the  microwave  to 
pass  through  the  laser -ilium mated  volume. 
The  volume  probed  by  the  microwave  was 
approximately  1.4  cm  in  diameter  and  1  cm 
in  length,  centered  1.  2  cm  from  the  laser 
entrance  window.  An  RCA  48362  Photo¬ 
multiplier  (PMT)  was  mounted  at  right 
angles  to  both  the  laser  and  microwave  axis. 
Apertures  in  front  of  the  PMT  were  used  to 
confine  its  field  of  view  to  a  small,  nearly 
cylindrical  volume,  0.  5  cm  in  diameter  by 
1.  5  cm  in  length,  situated  0.  7  cm  from  the 
MgF2  window  through  which  the  F2  ’  laser 
entered  the  cell.  Several  different  inter¬ 
ference  filters  were  placed  in. front  of  the 
photomultiplier  to  isolate  radiation  from  the 
pressure-induced  S(  1S  *D)  transition  near 
7727.  The  photomultiplier  was  carefully 
shielded  from  x-ray  and  electromagnetic 
effects  associated  with  firing  the  electron 
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beam  machine.  The  effectiveness  of  this 
shield  was  determined  by  measuring  the 
dynamic  response  of  PMT  to  a  pulsed  light 
source  with  and  without  firing  the  electron- 
beam  machine.  The  responses  of  the  vari¬ 
ous  PMT /filter  combinations  were  calibrated 
against  the  output  of  a  250-W  quartz -iodine 
standard  lamp,  which  had  been  calibrated  by 
the  Epply  Research  Laboratories. 


Fig.  38.  Schematic,  diagram  of  the  appara¬ 
tus  for  F2  1  laser  pumping  of  S(^S). 


Fig.  39.  Scale  drawing  of  the  interior  of  the 
OCS  containing  cell. 

We  obtained  the  emission  spectrum  of  laser- 
irradiated  mixtures  of  OCS  and  added  dilu¬ 
ents  by  replacing  the  microwave  detector 
with  a  1/4-m  Jarrell  Ash  spectrometer / PMT 
combination  and  recording  the  intensity  of 
emitted  light  as  a  function  of  wavelength  for 
many  sequential  shots.  This  relative  spec¬ 
tral  sensitivity  of  this  system  was  determined 
by  measuring  its  response  to  the  same  stan¬ 
dard  lamps  noted  above. 


Results  and  Discussion 

In  the  first  part  of  this  section  we  present 
our  data  on  electron  densities  vs  time  in 
157-nm  photolyzed  mixtures  of  OCS,  and 
OCS  with  various  diluents,  demonstrating 
the  manner  in  which  the  electron  quenching 
problem  can  be  overcome.  As  a  result  of 
these  measurements,  we  are  able  to  infer  an 
experimental  value  for  the  photoionization 
cross  section  of  S(^S)  by  157-nm  light.  In 
the  second  part  of  this  section,  we  present 
our  results  for  time  histories  of  the  forma¬ 
tion  and  decay  of  S(*S)  concentrations  in 
photolyzed  mixture  during  and  after  the  157- 
nm  photolysis  pulse.  These  data,  combined 
with  the  electron  density  measurements, 
allow  us  to  construct  a  simple  kinetic  model 
of  the  production  and  quenching  of  S(*S)  in 
these  mixtures.  In  the  final  part  of  this 
section,  we  present  our  value  for  the  quan¬ 
tum  yield  of  S(*S)  by  157-nm  photons  on  OCS 
and,  as  a  necessary  adjunct  to  these  mea¬ 
surements,  our  data  on  the  pressure- 
induced  spectrum  of  S(*S)  in  N2  and  Kr 
diluents. 

The  output  of  the  F2 ''  laser  consists  of  three 
narrow  lines  at  157.  6  nm,  157.  5  nm,  and 
156.7  nm,  each  containing  approximately 
one-third  the  total  energy  in  a  pulse  width  of 
about  80  ns.  The  effective  absorption  cross 
section  of  OCS  for  the  laser  radiation  was 
measured  by  fitting  data  on  low-intensity 
laser  transmission  vs  OCS  pressure  to  a 
Beer’s  law  plot  and  found  to  be  7±0.  5  x  10“^ 
cm  ,  in  good  agreement  with  the  literature 
value.  This  value  of  the  cross  section 
implies  an  energy  saturation  fluence  for  the 
dissociating  transition  of  about  18  mJ/cml 
The  transmission  of  the  microwave  power 
through  the  OCS  cell  depends  parametrically 
on  several  variables,  including  the  electron 
density  Ne  and  the  effective  electron  colli¬ 
sion  frequency  v .  For  an  idealized  slab 
plasma  with  sharp  boundaries  in  which 
coherence  effects  are  ignored,  the  expected 
power  transmission  is  given  by 

2 

T  _  (1-r)  exp  (~2ad)  ^ 

1-r^  exp  (-4o'd) 
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where 


(l-M)2  +  X2 
(1+M)2  +  X2 


microwaves.  It  is  evident  that  electron  den¬ 
sities  greater  than  10*3  cm"^  are  produced 
by  the  photolysis  and  that  the  electrons  per¬ 
sist  for  a  time  that  depends  on  the  added 
diluent. 


and 

a  ^Xgo/c  . 

The  quantity  d  is  the  slab  thickness,  cj  is  the 
microwave  frequency,  and  Nc  is  the  electron 
density  for  which  the  electron  plasma  fre¬ 
quency  equals  the  incident  microwave  fre¬ 
quency.  For  the  present  case. 


0.1  Torr  OCS  0.1  Torr  OCS 

1500  Torr  He  500  Torr  N2 


0.1  Torr  OCS 


Transmission  Transmission 

(%)  (%) 

(c)  M> 


N  =  1.  5  x  1013  cm 
c 


Equation  (7)  shows  that  if  the  electron  colli¬ 
sion  frequency  is  small  compared  to  the 
microwave  frequency,  the  plasma  will  be 
opaque  for  electron  densities  N  >  Nc.  How¬ 
ever,  the  addition  of  diluents,  as  was  done 
for  the  present  study,  insures  that  the  elec¬ 
tron  collision  frequency  is  of  the  same  order 
as  co.  For  those  conditions,  the  plasma  is 
expected  to  be  partially  transmitting  even  for 
N  considerably  greater  than  Nc. 

Several  examples  of  the  measured  micro- 
wave  transmission  vs  time  are  shown  in 
Fig.  40.  In  each  case,  the  particular  gas 
sample  was  irradiated  with  an  80-ns  60-mJ/ 
cm2  pulse  of  157 -nm  laser  light.  This  inten¬ 
sity  is  sufficient  to  bleach  more  than  90%  of 
the  initial  OCS  in  the  volume  probed  by  the 


Fig.  40.  Microwave  transmission  vs  time 
following  the  F2 "  laser  pulse  for 
several  mixtures.  Incident  laser 
energy  was  60  mJ/cm^  in  all 
cases. 

With  added  diluents  such  as  helium  (case  (a) 
in  Fig.  40)  or  nitrogen  (case  (b)  in  Fig.  40), 
the  electron  density  reaches  a  maximum  at 
the  end  of  the  photolysis  pulse  and  decreases 
slowly  thereafter.  If  an  electron  attaching 
gas  much  as  CF4  (case  (c))  or  SF5  is  used  as 
a  diluent,  the  microwave  transmission,  and, 
therefore,  the  electron  density,  tracks  the 
incident  laser  pulse.  This  behavior  is  con¬ 
sistent  with  the  supposition  that  photoioniza¬ 
tion  of  S(1S)  is  the  primary  source  of  elec¬ 
trons.  If  no  diluent  is  added  to  the  OCS,  the 
microwave  transmission  exhibits  the  erratic 
behavior  of  case  (d)  in  which  high-electron 
densities  persist  for  relatively  long  times. 
With  the  aid  of  Eq  (7),  data  such  as  those  in 
Fig.  40  (a)  or  (b)  can  be  unfolded  to  infer  an 
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electron  density  vs  time  behavior.  Such 
inferences  are  most  meaningful  for  cases  in 
which  several  hundred  torr  of  a  molecular 
gas  such  as  N 2  is  added  to  relatively  low 
OCS  concentrations  and  for  times  following 
the  end  of  the  incident  laser  pulse.  A  N2 
buffer  insures  rapid  cooling  of  the  initially 
produced  0.  26-eV  photoelectrons,  and  the 
electron  collision  frequency  with  N2  is  well 
known.  With  added  nitrogen,  the  electron 
density  derived  via  Eq  (7)  from  the  measured 
microwave  transmissions  exhibits  a  time 
dependence,  following  the  laser  pulse,  of 
the  form 


N  =  N  ( 1  -  e  <7iI) 
e  o 

where 

N0  =  initial  S(%)  density 

=  photoionization  cross  section 

I  =  laser  fluence/cm^ 

This  approximation  yields  a  value  of  1.  2  x 
10“  cm^  for  the  photoionization  cross 
section. 


1 

Ne 


A  more  careful  approach  utilizes  the  radia¬ 
tive  transport  equation  of  the  157  nm  laser 
light  in  the  OCS  medium 


that  is  characteristic  of  simple  electron-ion 
recombination.  The  constant  (i  depends  on 
the  pressure  of  added  nitrogen,  increasing 
by  about  an  order  of  magnitude  as  N2  pres¬ 
sure  increases  from  259  torr  to  1500  torr. 
The  value  of  N0,  the  electron  density  remain¬ 
ing  at  the  end  of  the  laser  pulse,  is  propor¬ 
tional  to  the  incident  laser  flux.  For  case 
(b)  of  Fig.  40  the  peak  electron  density  is 
calculated  to  be  about  2  x  10^  cm'l 

These  data  of  microwave  transmission 
through  photolyzed  mixtures  of  OCS  and  Ng 
can  also  be  used  to  estimate  the  value  of  the 
photoionization  cross  section  of  S(*S)  at  157 
nm.  The  analysis,  which  is  complicated  by 
the  fact  that  the  incident  157-nm  radiation 
first  produces  S(^S)  and  then  photoionizes  it 
under  conditions  for  which  the  dissociating 
transition  is  partially  bleached,  proceeds  as 
follows. 

Since  the  laser  energy  is  much  higher  than 
the  level  required  to  bleach  the  medium,  a 
first  order  estimate  of  the  photoionization 
cross  section  can  be  obtained  by  assuming 
that  all  of  the  OCS  has  been  converted  to 
S(*S)  at  time  zero  and  that  all  60  mJ/cm^  of 
the  laser  beam  is  available  to  photoionize  the 
S(^-S).  The  number  of  photoelectrons  pro¬ 
duced  (Ne)  is  then; 


ai 

3x 


(x,  t)  +  —  rr(x,  t)  = 
c  dt 


-  a^Kx,  t)P(x,  t) 


d£ 

at 


(x,  t) 


(8) 


in  which  I  is  the  laser  intensity,  p  is  the 
OCS  density,  and  o ^  is  the  cross  section  for 
dissociating  OCS.  We  assume  that  photo¬ 
ionization  has  a  negligible  effect  on  the  radi¬ 
ation  transport,  i.  e. ,  the  photoionization 
-cross  section  is  assumed  to  be  much  smaller 
than  Ofi.  (As  shown  below,  this  assumption 
is  quite  reasonable.  )  Equation  (8)  can  be 
solved  exactly  to  give 


I(x,  t) 


y-t-x/c 

IQ(t-x/c)  exp 

a  /  du  I  (u) 

aJ-00  0 

U 


P(x,t) 


fX 

Pq(x)  exp 

0,1  du  P  (u) 
-00  0 
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r  y-t-x/c 

U  =  exp  CTd  /  du  IQ(u) 

Ne(x)  =  a  in[v/exp(adpox)] 

d 

+  exp| oAJ_x  du  po(u)  -  1 

+  [l  -  exp(adEo/hi>)J/V 

where  IQ  is  the  input  laser  pulse  intensity  at 
x  =  0  and  pQ  is  the  density  distribution  of 
OCS  at  t  =  0. 

The  density  of  electrons  Ne  produced  by 
photoionization  of  S(^S)  is  given  by 

3N  (x,  t) 

— - =  aj(x,  t)p"(x,  t) 


-  [electron  loss  rate]  (9) 

where  O ^  is  the  photoionization  cross  section 
and  p''  is  the  S^S)  density.  In  terms  of  the 
OCS  density, 

p"(x,  t)  =<p"'[p0(x)  -p(x,t)J 

where  is  the  quantum  yield  for  S(^S)  pro¬ 
duction.  The  relationship  between  the  elec¬ 
tron  density  at  any  position  x  and  the  photo¬ 
ionization  cross  section  is  obtained  by 
integrating  Eq  (9)  in  time. 

Examination  of  Fig.  40  (b)  shows  the  photo¬ 
electrons  are  produced  on  a  time  scale  that 
is  short  compared  to  the  electron-ion  re¬ 
combination  time.  Therefore,  the  maximum 
electron  density  occurs  near  the  end  of  the 
laser  pulse  and  is  not  reduced  very  much  by 
recombination  during  the  pulse.  For  this 
reason,  we  can  neglect  the  electron-loss 
term  in  Eq  (9),  and  obtain  the  maximum 
electron  density  by  integrating  Eq  (9)  in  time 
to  the  end  of  the  laser  pulse.  The  result  is 


V  =  exp( o^E^/hp)  +  exp(adpQx)  -  1  (10) 

where  E0  is  the  incident  laser  flux  and  hp  is 
the  photon  energy.  In  deriving  Eq  (10),  we 
assumed  a  temporally  rectangular  laser 
pulse  and  a  uniform  initial  density  of  OCS. 
For  an  input  fluence  of  60  mJ/cm^  and  an 
OCS  pressure  of  0.  1  torr,  we  infer  a  peak 
electron  density  of  2±1  x  10^  cm”^  from  our 
microwave  transmission  data  at  a  variety  of 
added  N2  pressures  between  250  torr  and 
1500  torr.  The  microwave  probe  is  centered 
at  x  =  1.  2  cm.  As  will  be  shown  later,  ip'1'  * 
0.  85.  Substitution  of  these  values  in  Eq.  (10) 
implies  a  photoionization  cross  section  of 

- 19  2 

O.  ss  2.  3  x  10  cm 
1 


We  believe  this  value,  which  represents  an 
average  over  the  three  lines  in  the  laser 
spectrum,  to  be  accurate  to  within  a  factor 
of  2,  based  primarily  on  the  uncertainty  in 
the  derived  electron  density. 

There  are  no  other  experimental  determina¬ 
tions  of  and  only  two  theoretical  ones  with 
which  we  can  compare  our  result.  McGuire 
has  performed  calculations  of  the  photoion¬ 
ization  cross  sections  for  the  ^S  states  of 
all  the  Group  VI  atoms  via  excitation  to  auto- 
ionizing  levels.  Both  configuration  and  spin- 
orbit  interaction  were  included,  and  the  term 
energies  were  adjusted  to  agree  with  experi¬ 
mental  values.  Near  157  nm,  McGuire!s 
calculated  cross  sections  are  sharply  peaked 
with  a  value  of  4  x  10“  ^  cm^  at  157.  5  nm, 
falling  to  1.  5  x  10"^  cm^  at  157.  6  nm  and 
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<  10"  19  cm2  at  156.  7  nm,  His  predicted 
value,  averaged  over  the  three  laser  lines, 
is  1.  8  x  10"  1°  cm2,  about  an  order  of  mag¬ 
nitude  larger  than  our  measured  value. 

A  second  major  effort  of  the  present  experi¬ 
ment  was  to  monitor  the  S(*S)  density  as  a 
function  of  time  during  and  after  the  photo- 
dissociating  laser  pulse  in  coincidence  with 
the  microwave  transmission  measurements. 
Radiation  from  the  S(^S  — ►1D)  transition  near 
773  nm  was  used  as  a  direct  indicator  of  the 
S(1S)  density. 

Figure  41  contains  three  examples  of  the 
various  time  dependent  signals  we  observed 
during  and  immediately  following  the  inci¬ 
dent  157-nm  laser  pulse.  The  circles  were 
obtained  with  a  mixture  of  1-torr  OCS  and 
1500-torr  Kr  at  a  low  incident  fluence  of 
3.  2  mJ/cm2.  No  detectable  electrons  are 
produced  in  this  use,  and,  indeed,  Eq  (10) 
predicts  an  Ne  ~  1010  cm'3.  The  S(1S)  den- 
sity  rises  to  a  peak  in  about  100  ns,  which  is 
consistent  with  the  time  scale  for  passage  of 
the  laser  pulse  through  the  region  viewed  by 
the  photomultiplier.  As  the  laser  fluence  is 
increased  to  the  value  for  saturation  and 
beyond,  the  S(*S)  density  rises  to  its  peak 
value  before  the  entire  laser  pulse  passes 
through  the  viewing  region,  and  significant 
numbers  of  photoelectrons  are  detected  by 
the  microwave  probe.  The  signal  denoted  by 
X's  is  a  mixture  of  1-torr  OCS  and  1500-torr 
N2  irradiated  with  45  mJ/cm2  of  157-nm 
radiation.  The  microwave  transmission 
shows  electron  densities  >  1.  5  x  10 cm"2 
(total  absorption)  persisting  for  about  150  ns 
following  the  start  of  the  laser  pulse.  The 
PMT  signal  in  Fig.  41  shows  that  consider¬ 
able  quenching  of  the  S(1S)  density  occurred 
during  that  time  of  high-electron  density  and 
that  the  quenching  rate  decreases  markedly 
at  later  times  for  which  the  microwave  trans¬ 
mission  indicated  considerably  fewer  elec¬ 
trons  (~1012  cm"3).  The  presumption  is  that 
the  rapid  quenching  is  due  to  electrons. 
However,  the  rate  constant  for  electron 
quenching  of  S(1S)  is  estimated  to  be  about 
10" 3  cm3  s"1,  which  requires  an  electron 
density  of  about  10^  cm"2  to  account  for  the 
quenching  we  observe.  Equation  (10)  pre¬ 
dicts  electron  densities  from  direct  photo¬ 
ionization  of  only  5  x  10  ^2  cm"3.  It  may  be 


that  under  these  particular  conditions,  elec¬ 
tron  multiplication  and  loss  of  S(*S)  is 
occurring  through  super  elastic  heating  of  the 
electrons,  and  subsequent  ionization  of  S(^S). 


Fig.  41.  Photomultiplier  signal  near  773  nm 
vs  time  following  the  start  of  the 
F2*  laser  pulse.  The  conditions 
are  as  follows:  curve  a:  1-torr 
OCS,  1500-torr  Kr  at  an  incident 
laser  fluence  of  3.  2  mJ/cm2; 
curve  b:  1-torr  OCS,  1500-torr 
N 2  at  45  mJ/cm2;  curve  c:  1-torr 
OCS,  200-torr  CF4,  1300-torr  N2 
at  55  mJ/cm2. 

The  final  set  of  data  in  Fig.  41,  the  triangles, 
show  the  effect  on  the  time  dependence  of  the 
S(*S)  density  when  a  mixture  of  1.  0-torr 
OCS,  200-torr  CF4,  and  1300-torr  N2  is 
irradiated  with  55  mJ/cm2  of  157-nm  light. 
Again,  the  S(1S)  density  rises  to  its  peak  in 
a  time  that  is  short  compared  to  the  duration 
of  the  laser  pulse.  The  expected  rise  time 
of  the  S(1S)  density  is  determined  by  the  pro¬ 
pagation  of  the  bleaching  wave  through  the 
region  viewed  by  the  PMT.  From  Eq  (8), 
this  rise  time  is  given  approximately  by  tr  = 
1/Iad  or  ~  25  ns  in  the  present  case,  which 
agrees  quite  well  with  the  measured  rise 
time  of  Fig.  41.  The  more  significant  fea¬ 
ture  of  these  data  is  that  the  addition  of  CF4 
has  eliminated  the  rapid  quenching  that  is 
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evident  when  N2  alone  is  used.  The  trans¬ 
mitted  microwave  signal  for  this  case 
appears  very  similar  to  that  of  Fig.  40c; 
that  is,  electron  densities  >  1.  5  x  10  cm"^ 
are  observed  only  during  the  laser  pulse 
with  a  rapid  decrease  to  lower  values  at  the 
termination  of  the  pulse. 

Figure  42  contains  the  late-time  behavior  of 
the  S(*S)  density  for  nearly  the  same  condi¬ 
tions  depicted  in  Fig.  41.  For  low-incident 
laser  fluence,  the  quenching  of  S(-^S)  is  quite 
slow;  curve  (a)  exhibits  an  electron-folding 
time  of  9  /its. 


Time  ( /x  s) 

Fig.  42.  Same  as  Fig.  41  except  for  the 
indicated  incident  fluences. 

As  the  incident  fluence  level  is  increased, 
the  peak  S(^S)  density  increases  as  expected, 
but  the  quenching  rate  increases  also.  If 
CF^  is  added  to  control  the  electron  quench¬ 
ing  (curve  (c)),  then  we  observe  an  initial 
slow  decay  followed  by  a  faster  one  at  later 
times.  Back  extrapolation  of  the  slow  decay 
to  t  =  0  gives  the  same  peak  signal  as  is 
observed  for  data  taken  on  the  early  time 


scale  of  Fig.  41.  If  the  photoelectrons  are 
not  controlled,  (curve  (b)),  the  quenching  of 
S(*S)  is  more  rapid  than  case  (c)  during  the 
early  part  of  the  decay,  but  the  quenching 
rates  for  cases  (b)  and  (c)  are  nearly  the 
same  at  late  times. 

A  series  of  decay  curves  similar  to  case  (c) 
above,  in  which  electron  quenching  of  the 
S(*S)  is  not  important,  were  obtained  at  a 
variety  of  incident  fluence  levels  and  OCS 
densities.  In  each  case,  the  curves  were 
analyzed  in  terms  of  an  early  and  late  time 
decay  frequency.  Figure  43  contains  a  plot 
of  these  decay  frequencies  vs  the  amount  of 
OCS  dissociated  by  the  incident  157-nm  lasei 
pulse  in  the  volume  viewed  by  the  photo¬ 
multiplier.  The  initial  S(*S)  density  is 
directly  proportional  to  the  amount  of  OCS 
photolyzed.  Within  the  scatter  in  the  data, 
both  decay  frequencies  increase  linearly 
with  increasing  photolysis,  regardless  of 
the  initial  OCS  pressure  or  incident  fluence 
level.  That  is,  high-fluence  shots  into  low- 
OCS  concentrations  and  low-fluence  shots 
into  high-OCS  concentrations  which  give  the 
same  photolyzed  amount  also  exhibit  the 
same  early  and  late  time  decay  frequencies. 
The  observed  linearity  of  the  early-time 
decay  frequency  with  increasing  initial  S(*S) 
density  is  evidence  that  self- quenching  of 
S(lS)  is  not  important,  at  least  for  densities 
~  3  x  10*®  cm  . 


□  Ocf4/n2  DB®sf6/n2 

■  •  CF4/Kr  H@SF6/Kr 


Fig.  43.  Decay  frequency  of  the  S(*S) 
density  vs  the  fraction  of  OCS 
phototyped. 
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The  behavior  of  the  S(1S)  density  with  time 
exemplified  by  the  data  contained  in  Figs.  41 
and  42  can  be  explained  with  the  aid  of  a 
simple  kinetic  model.  For  OCS  dissociation 
by  157 -nm  photons,  there  are  three  energeti¬ 
cally  allowed  channels  leading  to  different 
electronic  states  of  the  sulfur  atom  and  a 
fourth  channel  leading  to  CS  formation: 

_*  -4 

OCS  +  hv  (157  nm)  t  *  CO  +  S(  S) 

— d  >  CO  +  S(1D) 


— ^CO  +  S(  P) 


CS  +  0(3P) 


■'e  =  [kp^d +  v +  (km +  k>J' 

where  f  is  the  fraction  of  the  initially  pre¬ 
sent  OCS,  [OCS]Q,  dissociated,  kp  is  the 
rate  constant  for  S(^S)  quenching  by  S(3P), 
and  km  and  km;  are  the  rate  constants  for 
deactivation  by  CS  and  0(3P),  respectively. 
As  time  progresses,  the  S(^S)  is  quenched  to 
S(3P),  which  in  turn  accelerates  the  quench¬ 
ing  of  S(*S),  leading  to  the  rollover  in  the 
measured  decay  curve.  At  late  times,  for 
which  little  S^S)  remains,  the  decay  fre¬ 
quency  is  expected  to  reach  a  constant  value 
given  by 


*L  ’  kp  *  f[OCS]o  *  "E  • 


Each  channel  is  labeled  with  its  respective 
quantum  yield;  the  latter  two  dissociation 
channels  are  spin-forbidden. 

Following  the  laser  pulse,  any  or  all  of  the 
above  species,  in  addition  to  the  parent  com¬ 
pound,  added  diluents,  and  electrons  can 
possibly  influence  the  quenching  of  S(^-S). 
However,  the  data  in  Fig.  43  indicate  that 
the  major  influence  must  be  by  species  pro¬ 
duced  in  direct  proportion  to  the  amount  of 
OCS  photolyzed.  At  any  time  following  the 
laser  pulse,  when  CF4  or  SFg  is  included  as 
a  diluent,  deactivation  by  electrons  does  not 
appear  to  be  important,  at  least  for  incident 
fluence  levels  <  100  mJ/cm3  and  S(^S)  den¬ 
sities  <3  x  1013  cm"3.  Another  potential 
quencher,  S(*D),  is  itself  deactivated  to 
S(3P)  by  the  added  diluents  so  quickly  under 
our  conditions  that  it,  too,  can  be  neglected. 
The  quenching  of  S(1S)  by  CO  has  been  mea¬ 
sured  previously  and  is  negligibly  small  for 
the  conditions  of  Fig.  43.  The  species  that 
are  most  likely  to  be  responsible  for  the 
observed  decay  rates  are  S(3P),  CS,  and 
0(3P).  The  association  rates  for  removing 
these  atomic  and  radical  species  are  too 
slow  to  appreciably  affect  their  concentra¬ 
tions  during  the  lifetime  of  S(-^-S).  Thus,  at 
early  times  following  the  laser  pulse,  the 
S(^S)  decay  frequency  can  be  represented  by 


From  the  data  in  Fig.  43,  we  obtain  directly 
that 


1.9  x  10  <1  +  1.5 


(^d  +  V)  3  -1 


From  the  quantum-yield  data  to  be  presented 
later,  tf  '1'  ~  0.  8  so  that 


7  o  - n“ 1 1  3  -1 

k  *  3  x  10  cm  s 
P 

This  value  of  the  rate  constant  for  S(3P) 
quenching  of  S(1S)  can  be  compared  to  the 
analogous  rate  constant  for  0(3P)  quenching 
of  0(1S)  measured  by  Slanger  and  Black27  of 
1.  8  x  10"^  cm3  s"1. 


41 


Since  is  approximately  0.  8,  then  (<£m  + 
~  °-  2  and 


k  +  k 
m  m 


2  x  10 


-11 


cm 


m 


-1 

s 


If  were  about  0.  1,  then  our  present  data 
would  be  consistent  with  km  +'kjn  ~  2  x  10“ 10 
cm3  s-1,  a  value  that  is  not  unreasonably 
large. 

Curve  (b)  of  Fig.  42  can  also  be  interpreted 
in  terms  of  this  kinetic  model.  During  very 
early  times  following  the  laser  pulse  (100  ns 
to  200  ns),  the  electrons  quench  approxi¬ 
mately  half  of  the  S(1S)  to  S(3P)  before  they 
themselves  are  removed  by  recombination 
(see  Fig.  41b).  Thus,  the  early  decay  shown 
in  Fig.  42b  is  faster  than  that  of  Fig.  41b 
because  of  the  added  S(3P)  density  at  early 
time.  Both  curves  exhibit  nearly  the  same 
late-time  decay,  as  expected,  since  they 
correspond  to  nearly  the  same  dissociation 
fraction  of  the  initial  OCS. 

A  final  goal  of  the  present  study  was  to  mea¬ 
sure  the  effective  quantum  yield  of  S(1S) 
from  OCS  at  157  nm  under  a  variety  of  con¬ 
ditions.  For  our  experimental  conditions, 
the  effective  quantum  yield  is  given  by  the 
expression 


*  7.8x10  VpMT 

*  'RPMTV!1Aeffrtl-OCSJ 

Where  VpMT  is  the  peak  voltage  attributed 
to  S(lS  -*  ID)  radiation,  RpMT  i-s  the  cali¬ 
brated  response  of  the  PMT  at  773  nm,  V  is 
the  volume  from  which  S(^S- *^D)  radiation 
is  detected,  £2  is  the  solid  angle  subtended  by 
the  detection  system,  Aejf  is  the  effective 
pressure-induced  spontaneous  emission  co¬ 
efficient,  and  r  is  the  fraction  of  S(1S-»1D) 
radiation  transmitted  to  the  PMT  by  our 
optical  filter  arrangements. 


The  value  of  Aeff  with  a  No  diluent  has  been 
measured  by  previously.  2°  By  comparing 
the  S(1S-*1D)  emission  intensity  with  added 
CF4  to  that  with  pure  N2,  we  determined  that 
Aeff  for  CF4  is  the  same  as  that  for  N2,  to 
within  our  experimental  accuracy  (±10%). 
Similarly,  we  determined  that  CO  is  0.  8 
times  as  effective  as  N2  in  pres  sure -inducing 
1s-*1d  emission.  The  quantity  T  is  the  over¬ 
lap  integral  between  our  filters  and  the 
pressure-induced  emission  spectrum  of  S(^-S) 


X  6(X)T(X)  dX 
r00 

l  e(X)  dX 


where  e(X)  is  the  pressure-induced  ls-»1D 
emission  intensity  as  a  function  of  wave¬ 
length  and  T(X)  is  the  transmission  function 
of  the  particular  optical  filter  arrangement. 
We  determined  e(X)  for  the  case  in  which 
CF4  and  N2  were  added  as  diluents.  The 
resulting  emission  spectrum  is  shown  in 
Fig.  44.  Figure  45  contains  the  emission 
spectrum  if  Kr  is  used  as  diluent  in  place  of 
Ng.  We  used  three  different  optical  filter 
combinations  for  T(X)  which  overlapped  from 
20  to  63%  of  the  emission  spectrum  shown  in 
Fig.  44. 


Fig.  44.  Collision-induced  emission  near 
773  nm  from  S^S^Ng. 
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Fig.  45.  Collision-induced  emission  near 
773  nm  from  S(^S)/Kr. 

Table  III  contains  the  results  of  our  deter¬ 
mination  of  ip*  for  several  different  condi¬ 
tions  of  incident  fluence  and  added  diluents. 


Within  the  scatter  of  these  data,  all  of  these 
various  conditions  exhibit  the  same  high 
effective  quantum  yield.  In  addition,  the 
average  value  is  in  good  agreement  with  the 
value  measured  by  Black,  Sharpless,  and 
Slang er. 

Conclusions 

We  have  shown  that  S(1S)  is  produced  with 
high  efficiency  by  photolysis  of  OCS  by  157- 
nm  laser  light  at  laser  intensities  up  to 
0.  1  J/cm2  and  S(1S)  densities  up  to  ~  3  x 
10 16  cm-2.  An  experimental  value  for  the 
photoionization  cross  section  of  S(1S)  by 
157 -nm  light  of  2.  3  x  10" 19  cm2  has  been 
obtained.  We  have  also  shown  that  photo¬ 
ionization  produced  electrons  and  that  elec¬ 
tron  runaway  processes  can  be  controlled  by 
the  addition  of  proper  electron  cooling 


TABLE  III 

Quantum  Yields  of  S(*S)  at  157  nm 


OCS 

(torr) 

n2 

(torr) 

Added  Gas 
(torr) 

E°  ,  2 
(mJ  /  cm^) 

vl/ 

<P'" 

1.0 

620 

200 

cf4 

32 

0.85 

1.0 

620 

200 

CF4 

52 

0.88 

1.0 

1340 

200 

cf4 

55 

0.71 

1.0 

620 

400 

CO 

38 

0.80 

1.0 

620 

400 

CO 

57 

0.77 

1.0 

1500 

45 

0.85 

1.0 

980 

36 

0.94 

0.6 

1500 

3.2 

0.71 

0.5 

760 

35 

0.90 

0.5 

760 

95 

0.88 

0.5 

760 

106 

0.89 

Note: 

Average  <p'"  = 

0. 83  ±  0.  08 
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(N2,  CO)  and  electron  attaching  (CF4,  SFg) 
diluents.  We  have  examined  the  kinetics  of 
quenching  of  the  S(1S)  populations  in  cases  in 
which  quenching  by  electrons  is  not  impor¬ 
tant.  Finally,  we  have  demonstrated  that 
S^S)  densities  of  -  3x  10 16  cm"^  can  be 
efficiently  produced  and  stored  for  times  on 
the  order  of  a  microsecond.  These  produc¬ 
tion  efficiencies  and  storage  times  are  con¬ 
sistent  with  the  possible  use  of  the 
S^D)  transition  as  an  efficient,  high-energy 
storage. 

Xe2*  DRIVER  FOR  Se^S)  KINETICS  STUDIES 

One  area  of  recent  interest  in  the  Group  VI 
program  has  been  the  development  of  small, 
short  pulse  (<  100  ns)  Xe2*  driver  for  use  in 
OCSe  kinetics  experiments.  Currently,  the 
Xe^  driver  is  excited  by  a  Febetron  705 
pulser  (1.  7  MeV,  80  ns,  -  300  J)  with  the 
laser  resonator  contained  in  a  "lambda  geo¬ 
metry"  cell.  In  order  to  work  at  the  high- 
Xenon  pressures  (3,  000  torr)  necessary  for 
efficient  Xe/  lasing,  it  was  necessary  to  add 
a  re-entrant  window  holder  for  the  75-/i  thick 
titanium  electron  beam  foil  (Fig.  46).  The 
re-entrant  window  holder  reduces  the  length 
of  high-pressure  gas  traversed  by  the  elec¬ 
tron  beam  before  reaching  the  gas  in  the 
resonator  cavity  from  10.  5  cm  to  2.  5  cm. 
Preliminary  experiments  with  this  appara¬ 
tus  have  demonstrated  that  this  system  can 
generate  Xe^’  laser  pulses  at  17  20  A  with 
pulsewidths  on  the  order  of  50  ns  and  energy 
densities  of  at  least  30  mJ/cm2.  Further 
parameterization  and  optimization  of  the 
system  are  in  progress. 


PHOTOIONIZATION  OF  THE  GROUP  VI 
(ns)2(np)4  1S0  TERM  VIA  EXCITATION  OF 
AUTOIONIZING  LEVELS 

At  wavelengths  of  interest  for  photodissociat- 
ing  OCS  and  OCSe  with  near  unity  yield  of 
S(1Sq)  and  Se(1S0),  the  cross  section  for 
direct  photoionization  of  the  ^Sq  term  is 
small  (<  10“ 20  cm2).  However,  indirect 
photoionization  (photoexcitation  followed  by 
autoionization)  could  be  significant  if  the 
transitions  are  in  the  photodissociation  pump- 
band,  if  the  linewidth  were  large,  and  if  the 


Volume  enclosed  by  resonator  cavity 


Fig.  46.  Xe2*  driver  cell  showing  re-entrant 
electron-beam  foil  holder. 

oscillator  strength  resulted  in  an  effective 
photoionization  cross  section  >10“  cm3. 

To  examine  this  possibility  we  have  diago¬ 
nalized  a  67  x  67  interaction  matrix  for  67 
odd  parity  levels  with  J  =  1.  The  matrix 
includes  both  configuration  interaction  and 
spin-orbit  interaction.  Details  on  the  calcu¬ 
lation  of  the  matrix  elements  sire  given  in 
the  previous  semiannual  report.  ^  The  inter¬ 
action  matrix  contains  both  bound  and  auto- 
ionizing  levels,  and,  where  possible, 
spectroscopic  parameters  are  chosen  to 
bring  the  calculated  energy  of  bound  state 
levels  into  agreement  with  experimental 
measurements.  These  spectroscopic  para¬ 
meters  are  used  to  locate  autoionizing 
levels. 

In  Tables  IV,  V,  and  VI,  we  list  the  energies 
of  the  various  odd  parity  levels  with  J  =  1  for 
S,  Se,  and  Te.  In  these  Tables,  column  1 
numbers  the  levels,  roughly  in  order  of 
increasing  energy,  measured  in  cm-1  rela¬ 
tive  to  the  ground  state  level  of  the  ion; 
column  2  lists  the  designation  of  the  levels 
in  LS  coupling;  column  3  (Kj)  lists  the  diago¬ 
nal  entry  in  the  interaction  matrix;  and 
column  4  (Kf)  lists  the  eigenvalue  resulting 
from  the  matrix  diagonalization  (the  shift 
between  columns  3  and  4  is  the  result  of 
configuration  and  spin-orbit  interaction). 
Column  5  is  the  experimental  energy  level 
from  Moore's  tables.29  For  S  the  entries  in 
parentheses  are  measurements  on  autoioniz¬ 
ing  levels  by  Tondello,30  while  for  Te  the 
entries  in  parentheses  are  tentative  identifi¬ 
cations  by  Bartelt.3!  For  S,  column  6  lists 
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the  energy  levels  in  a  close -coupling  calcu¬ 
lation  of  Conneely,  Smith,  and  Lipsky.32 
The  remaining  two  columns  list  the  calcu¬ 
lated  autoionizing  level  widths  and  oscillator 
strengths  from  (ns)2(np)^  q.  For  S,  there 
are  additional  columns  listing  level  widths 
measured  by  Tondello3^  and  calculated  by 
Conneely,  Smith,  and  Lipsky.32 


In  Figs.  47,  48,  and  49  the  calculated  in¬ 
direct  photoionization  cross  sections  are 
shown  for  S,  Se,  and  Te,  respectively.  For 
Te,  the  calculated  cross  section  is  large 
with  few  windows.  For  Se,  the  calculations 
indicate  a  window  (o  <  1  x  10“^  cm^)  at 
17  25  A,  where  Xe'g  can  be  used  as  a  photo¬ 
dissociation  pump.  For  S,  the  calculations 
indicate  a  cross  section  of  10  x  10"*^  cm2 


at  157  5  A  (the  wavelength  of  the  Fg  laser) 
and  *  6  x  10“ 19  cm2  at  1460  A  (the  wave¬ 
length  of  the  Kr|  laser.  The  dotted  curve  in 
Fig.  47  near  1460  A  is  the  result  of  "fine 
tuning"  (varying  Kj)  the  calculation  to  repro¬ 
duce  Tondello’s  measurements. 

The  calculations  are  sensitive  to  the  choice 
of  Ki  values.  The  results  reported  here  are 
semiempirical  in  that  we  have  used  spectro¬ 
scopic  parameters  chosen  to  reproduce  the 
observed  energies  of  bound  levels.  Cur¬ 
rently,  we  are  examining  the  possibility  of 
ab  initio  calculations.  They  require  the 
inclusion  of  additional  configuration  inter¬ 
action  effects  from  the  (ns)^(np)^(nfp)  config¬ 
urations  with  n!  >  n. 


o 


Fig.  47.  The  effective  photoionization  cross  section  of  sulphur  (3p)4  1Sq  for 
1640  A  <  X  <  1163  A.  The  numbers  in  circles  refer  to  the  autoion¬ 
izing  levels  in  Table  IV  contributing  to  the  cross  section.  The 
threshold  at  76270  cm-1  corresponds  to  (3p)3  2D  level  of  the  ion. 
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Fig.  48.  The  effective  photoionization  cross  section  of  selenium  (4p)4  ^Sq  for 
1785  A  <  X<  1250  A.  The  numbers  in  circles  refer  to  the  autoionizing 
levels  in  Table  V  contributing  to  the  cross  section.  The  threshold  at 
69,  750  cm"*  corresponds  to  the  (4p)^  level  of  the  ion. 


A  (A) 


Fig.  49.  The  effective  photoionization  cross  section  of  tellurium  (5p)^  ^-Sq  for 
2020  A<\<1383  A.  The  numbers  in  circles  refer  to  the  autoionizing 
levels  in  Table  VI  contributing  to  the  cross  section.  The  threshold 
at  61050  cm“l  corresponds  to  the  (5p)  level  of  the  ion. 
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*The  column  entries  are  explained  in  the  text.  The  notation  B  and  N  in  column  8  are  for  broad  and  narrow 
levelwidths,  respectively. 
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The  column  entries  are  explained  in  the  text. 


Energies,  Levelwidths,  and  Oscillator  Strengths  From 
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*The  column  entries  are  explained  in  the  text. 


NEW -LASER  RESEARCH  AND  DEVELOPMENT 

OVERVIEW 

Two  new-laser  research  efforts  were  initi¬ 
ated  during  this  report  period;  the  chemically 
pumped  iodine  laser  and  HgXe  exciplex  exci¬ 
tation  by  electric  discharge.  The  chemically 
pumped  iodine  laser  was  recently  discovered 
by  personnel  at  the  Air  Force  Weapons 
Laboratory.  This  laser  offers  exciting  pos¬ 
sibilities  as  an  ICF  driver  because  it  does 
not  require  a  capital-intensive  pulse  power 
source  to  drive  it,  and  up  to  10%  efficiency 
may  be  possible.  Modeling  studies  of  this 
laser  are  in  progress  and  our  opinion  of  it 
as  a  potential  high- average  power  laser  is 
very  favorable  at  this  time. 

The  HgXe  exciplex  radiates  in  a  band  cen¬ 
tered  at  265  nm.  We  are  studying  this  system 
because  it  could  be  used  to  pump  an  iodine 
laser.  We  will  also  assess  its  potential  to 
be  a  high-power  laser  candidate. 

An  advanced  oscillator  system  based  upon  a 
microprocessor- controlled  Nd: YAG-pumped 
pulsed  dye  laser  is  being  developed  so  that 
it  can  be  used  as  the  front  end  of  new  laser- 
fusion  lasers  and  utilized  in  testing  and 
making  germane  laser  amplifier  measure¬ 
ments  of  candidate  laser  systems  for  the 
wavelength  region  of  4000  A  to  8000  A  and 
extended  range  with  frequency  doubling  and 
mixing.  The  operating  requirements  of  the 
oscillator  system  include  long-term  stability, 
high  reliability,  absolute  wavelength  calibra¬ 
tion  and  control,  tunability,  hands-off  opera¬ 
tion,  and  variable  pulse  width  generation  in 
the  nanosecond  regime.  These  requirements 
necessitate  the  application  of  microprocessor 
technology  to  laser  technology  thereby  result¬ 
ing  in  a  state-of-the-art  system  capable  of 
satisfying  all  of  the  above  operating  require- 
merits. 


CHEMICALLY  PUMPED  IODINE  LASER 

Personnel  at  the  Air  Force  Weapons  Labora¬ 
tory  in  Albuquerque  have  recently  been 
successful  in  obtaining  cw  laser  oscillation 


on  the  1.  3-pim  atomic  iodine  transition  by 
using  a  purely  chemical  technique  to  gener¬ 
ate  an  inversion.33  The  chemically  pumped 
iodine  laser  system  is  so  different  from  the 
photolytically  pumped  iodine  laser  that  it 
must  be  thought  of  as  a  distinct  entity.  It 
has  enough  possible  advantages  as  a  laser- 
fusion  driver  that  its  potential  should  be 
investigated  thoroughly.  Among  the  most 
important  advantages  of  this  system  over 
others  are  the  following.  First,  purely 
chemical  generation  of  the  active  medium 
avoids  the  capital-intensive  pulsed  power 
usually  associated  with  other  pumping  pro¬ 
cesses.  Simple  flow  systems  and  a  chemi¬ 
cal  reactor  replace  capacitor  banks,  flash- 
lamps,  electron  beams,  or  other  sources 
typically  used  for  pulsed-laser  initiation. 

The  absence  of  pulsed-power  requirements 
will  greatly  enhance  system  reliability  and 
should  lower  capital  cost.  Second,  the 
iodine  laser  using  chemical  generation  has 
the  potential  for  high  efficiency.  The  limit¬ 
ing  theoretical  efficiency  is  about  10%, 
including  the  cost  of  chemical  regeneration. 
Third,  high  repetition  rate  is  easily  obtained. 
The  chemical  processes  leading  to  a  popu¬ 
lation  inversion  can  be  started  and  stopped 
quickly  and  frequently.  If  the  chemically 
pumped  iodine  laser  is  to  be  developed  as  an 
effective  ICF  driver,  it  must  be  demonstrat¬ 
ed  that  the  foregoing  advantages  can  be  asso¬ 
ciated  with  a  system  that  delivers  short  out¬ 
put  pulses.  A  modeling  effort  directed  at 
this  task  has  recently  been  started  in  this 
laboratory.  The  following  material  briefly 
summarizes  some  information  pertinent  to 
understanding  the  chemically  pumped  iodine 
laser  and  indicates  preliminary  results  of 
the  modeling  effort. 

The  chemical  generation  of  excited  atomic 
iodine  relies  on  fortuitous  accidents  of 
nature  which  allow  some  interesting  inter¬ 
actions  between  excited  molecular  oxygen 
and  iodine.  Figure  50  shows  energy  levels 
in  the  O  /I  /I  system  and  illustrates  some 
of  the  fortunate  coincidences.  Chemical 
generation  of  excited  atomic  iodine,  I', 
starts  with  a  population  of  excited  oxygen 
molecules  in  the  OJ1  A)  electronic  state. 

The  interaction  of  two  such  molecules  to 
form  02(3E)  plus  O^E)  is  energetically 
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allowed  and  proceeds  to  form  02(  ^2)  which 
collisionally  dissociates  I2.  As  indicated  in 
Fig.  50,  the  transfer  of  energy  from  C^^A) 
to  I  to  form  I*  is  slightly  exothermic  but 
nearly  resonant.  In  a  flowing  stream  initi¬ 
ally  containing  only  02(1A),  the  injection  of 
I2  after  the  02(1S)  density  has  reached  an 
appreciable  value  results  in  the  dissociation 
of  I2  and  the  excitation  of  some  of  the  result¬ 
ing  I  to  r. 


between  oxygen  molecules  and  iodine  atoms 
even  in  the  presence  of  other  rapid  proces¬ 
ses: 


[o2  (3Z)][I*] 

[02  (XA)]  [I]  eq 


2.  9 


(ID 


Fig.  50.  Some  energy  levels  in  the  O2/I2/I 
system. 

Figure  51  summarizes  the  most  important 
processes  involved  in  the  generation  of 
02(1A)  and  I*  and  also  indicates  the  appli¬ 
cable  chemical  regeneration  processes.  The 
first  line  summarizes  the  overall  chemistry 
involved  in  producing  (^(^A).  Cl2  is  bubbled 
through  a  basic  solution  of  90%  H202,  and 
02(1A)  is  evolved  into  the  gas  phase.  C^^A) 
is  thought  to  be  produced  in  100%  yield  in  the 
liquid,  but  only  about  60%  yield  has  so  far 
successfully  been  extracted  into  the  gas 
phase  before  deactivation.  ^4  An  80%  yield  of 
02(*A)  is  thought  to  be  feasible.  The  next 
several  lines  summarize  the  chemical  kine¬ 
tics  involved  in  generating  F .  The  first  step 
is  energy  pooling,  that  is  the  generation  of 
02(1S).  Next,  02(1S)  dissociates  I2.  The 
collisional  transfer  of  energy  from  02(1A)  to 
generate  I*  then  proceeds  quickly.  Both  the 
excitation  reaction  and  its  reverse  are  very 
fast  so  that  equilibrium  is  established 


where  brackets  signify  concentrations.  An 
iodine  inversion  exists  whenever  [O2  (^A)]/ 
[O.  (32)]  >  0.17.  The  final  reaction  shown  is 
another  formation  route  for  This 

reaction  proceeds  faster  than  the  initial 
pooling  reaction  and  the  resulting  C>2(*2) 
ensures  that  the  dissociation  of  I2  is  essen¬ 
tially  complete. 


.  GENERATION 


Cl2  +  H202  +  0H_  — H20  +  HCI  +  Cl"  +  02(' A) 


JT> 

■o 

CD 

CD 


02(  4)  +  02( 

4)^02('X)  +  02 

|— -o^'x)  + 

i2  —  o2  + 1  + 1 

—  02(*  A)  + 

I  ^*02  +  r  (FAST) 

—►  02< 1 4 )  + 

1—  02(‘  X)  +  1 

REGENERATION 

H20  +  HCI  +  Cl" -  H2  +  Cl2  +  OH" 

(Electrolysis) 

H2  +  °2 - *H2°2 

(Anthraquinone  Autoxidation  Process) 


Fig.  51.  Scheme  for  chemical  generation  of 
excited  iodine  atoms  and  commer¬ 
cial  processes  for  regeneration  of 
starting  chemicals. 
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Regeneration  of  starting  materials  in  the 
chemically  pumped  iodine  laser  system  in¬ 
volves  two  steps.  First,  the  residual  liquid 
solution  from  the  chemical  generator  is  sub¬ 
jected  to  electrolysis  to  yield  H2  and  Cl2.35 
Second,  H2  and  02  are  combined  to  form 
H202  using  a  reaction  sequence  involving  the 
formation  of  an  anthraquinone  derivative.  ^ 
Both  steps  utilize  well  developed,  commer¬ 
cial  industrial  procedures  with  high  efficien¬ 
cies.  The  overall  regeneration  process 
should  have  greater  than  50%  efficiency  rela¬ 
tive  to  the  thermodynamic  minimum  energy 
requirement,  based  on  the  experimentally 
observed  industrial  efficiencies. 

The  foregoing  serves  as  background  material 
for  understanding  the  chemically  pumped 
iodine  laser  system.  It  remains  to  be  demon¬ 
strated  that  this  system  can  be  used  efficient¬ 
ly  to  generate  short  output  pulses.  A  poten¬ 
tial  complication  arises  from  the  fact  that 
only  a  small  fraction  of  the  total  stored 
energy  in  the  chemical  system  is  present  in 
I*  at  any  instant.  When  energy  is  extracted 
as  1.  3-jum  iodine  radiation,  energy  stored, 
in  02(1-A)  subsequently  feeds  rapidly  into  V' 
to  reestablish  the  equilibrium  indicated  by 
Eq  (11).  Several  sequential  extractions  must 
be  performed  before  most  of  the  energy 
initially  stored  in  O^A)  is  extracted  as 
1.  3-fJim  iodine  radiation.  As  partial  compen¬ 
sation  for  this  complication,  the  gain  in  a 
chemically  pumped  iodine  laser  is  low  enough 
that  amplified  spontaneous  emission  is  not  a 
problem  even  for  large  stored  energies. 

The  modeling  effort  has  so  far  been  directed 
toward  obtaining  information  about  the  num¬ 
ber  of  extractions  required  for  a  given  effi¬ 
ciency,  the  physical  size  of  a  laser  having  a 
given  stored  energy,  and  the  sensitivity  of 
predicted  performance  to  uncertain  chemical 
rate  constants.  All  the  reactions  shown  in 
Fig.  51  plus  several  others  have  been  con¬ 
sidered  and  presently  accepted  values  of 
rate  constants  have  been  used.^*  ^ 

Typical  starting  conditions  for  calculations 
assume  the  presence  of  10  torr  02,  80%  of 
which  is  02(1A).  After  sufficient  time  for 
the  generation  of  adequate  02(-^2),  0.  3-torr 
I2  and  100-torr  Ar  are  added.  The  Ar  serves 
two  purposes.  It  carries  I2  into  the  02 
stream  and  it  pressure-broadens  the  iodine 


transition.  Calculations  indicate  that  suffi¬ 
cient  Ar  can  be  added  for  the  iodine  transi¬ 
tion  to  be  effectively  homogeneously  broad¬ 
ened  without  affecting  the  kinetics  adversely. 
Shortly  following  the  addition  of  I2,  several 
energy  extractions  are  performed  sequen¬ 
tially,  separated  in  time  by  200  ns,  a  time 
shown  in  auxilliary  calculations  to  be  suffi¬ 
cient  for  approximate  reequilibration  to 
Eq  (11).  Present  results  indicate  that  the 
system  is  attractive.  Extractable  energy  is 
high,  about  15  J/L  for  the  example  given 
here.  An  amplifier  with  an  extractable 
energy  of  10  kJ  could  have  an  aperture  50- 
cm  in  diameter  and  a  length  of  3.5  m. 
Amplified  spontaneous  emission  would  not 
be  a  problem  and  20  extractions  would  yield 
an  overall  efficiency  of  6%. 

The  calculations  indicate  that  several  reac¬ 
tions  for  which  rate  constants  are  not  well 
known  may  have  important  bearing  on  over¬ 
all  system  performance.  For  instance,  the 
process 

1%  02(1A)-I+  02(1S)  (12) 


proceeds  far  faster  than  necessary  to  ensure 
complete  dissociation  of  I2  when  the  present¬ 
ly  accepted,  but  uncertain,  value  of  its  rate 
constant  is  used  in  the  calculations.  The 
result  is  a  buildup  of  02  (*2),  which  repre¬ 
sents  a  loss  of  stored  energy  because  no 
pathway  starting  with  02  (*2)  and  leading  to 
I*  exists.  The  calculations  also  indicate 
that  more  needs  to  be  known  about  processes 
involving  low-lying  electronically  excited 
states  of  I2  and  about  several  deactivation 
processes.  Kinetic  modeling  is  far  from 
complete,  but  it  is  already  clear  that  it  will 
be  important  to  obtain  reliable  experimental 
determinations  of  several  rate  constants  as 
the  first  part  of  an  experimental  exploration 
of  the  potential  utility  of  this  system  as  a 
laser  fusion  driver. 


HgXe  EXCIPLEX  STUDIES 

The  HgXe  excimer  band  centered  at  265  nm 
offers  promise  as  an  efficient  ultraviolet 
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pump  source  and  possibly  as  an  efficient 
ultraviolet  laser.  In  this  report,  we  will 
present  the  results  of  preliminary  experi¬ 
ments  to  measure  the  fluorescence  efficiency 
of  HgXe  (30+  -» 10+)  emission  at  265  nm  in  a 
discharge  stabilized  by  electron-beam  pre¬ 
ionization.  These  results  will  then  be  quali¬ 
tatively  related  to  the  predictions  for  frac¬ 
tional  power  transfer  into  the  Hg  states  by  a 
Boltzmann  transport  code. 

Experimental 

The  experimental  apparatus  is  shown  sche¬ 
matically  in  Fig.  52.  A  Febetron  706 
electron-beam  accelerator  whose  output  was 
attenuated  by  a  factor  of  one  hundred  using 
wire  screens  was  used  to  preionize  a  gas 
mixture  containing  10  torr  to  15  torr  of  Hg 
and  1500  torr  to  3000  torr  of  Xe  in  a 
stainless-steel  test  cell.  The  attenuated 
electron  beam  was  characterized  by  an  aver¬ 
age  electron  energy  of  600  keV,  a  current 
density  of  100  A/ cm2  and,  a  pulsewidth  of 
~4  ns  (FWHM). 


Fig.  52.  Schematic  diagram  of  experimental 
apparatus. 

A  capacitor  whose  value  was  varied  from 
2700  pF  to  0.  01  pF  was  charged  from  1  kV 
to  4  kV.  It  supplied  energy  to  the  Hg/Xe 
mixture  via  a  krytron  switch  which  was  trig¬ 
gered  at  a  controlled  delay  time  following  the 
electron-beam  pulse. 

The  discharge  occurred  between  two 
stainless -steel  electrodes  spaced  by  0.43  cm. 
The  actual  discharge  volume  was  determined 
by  photographing  the  discharge  at  right  angles 
as  shown  in  Fig.  52.  The  current  drawn  by 
the  discharge  was  limited  by  a  2-kilohm  bal¬ 
last  resistor  between  the  anode  and  ground. 


This  allowed  stable  discharges  to  be  main¬ 
tained  for  a  few  microseconds. 

The  voltage  drop  across  the  discharge  was 
measured  by  two  100: 1  voltage  probes  posi¬ 
tioned  at  the  cathode  and  anode  feedthroughs 
into  the  test  cell.  The  current  flowing 
through  the  discharge  was  determined  by 
measuring  the  voltage  drop  across  the 
current-limiting  resistor. 

The  temporal  behavior  and  intensity  of  the 
HgXe  emission  was  observed  on  a  Hamamatsu 
R166  photomultiplier  having  a  CsTe  photo¬ 
cathode.  The  photomultiplier  plus  appro¬ 
priate  neutral  density  filters  were  absolutely 
calibrated  by  comparing  their  response  to  a 
monochromatic  light  source  to  that  of  a 
photodiode  which  had  been  absolutely  cali¬ 
brated  by  the  National  Bureau  of  Standards. 

Emission  spectra  of  HgXe  were  taken  by 
using  a  quarter -meter  Jobin-Yvon  spectro¬ 
meter  and  a  PAR  OMA2  optical  multichannel 
analyzer.  The  relative  wavelength  response 
of  the  entire  system  was  determined  by  using 
an  Optronic  Model  W-40  calibrated  low- 
pressure  D2  discharge  lamp. 

The  Xe  gas  used  in  this  experiment  was  ob¬ 
tained  from  Cryogenic  Rare  Gases  at  a 
stated  purity  of  99.  999%  and  was  used  with¬ 
out  further  purification.  The  Hg  used  in  the 
experiment  was  triple- distilled.  The  Hg 
pressure  supplied  to  the  test  cell  was  deter¬ 
mined  by  the  temperature  in  a  temperature- 
regulated  Hg  reservoir.  The  temperature  of 
the  test  cell  was  always  maintained  above 
the  temperature  of  the  Hg  reservoir  at  a 
constant  of  215°C. 

Results 

The  fluorescence  efficiency  of  the  HgXe 
(3q+  _>1o+)  transition  is  defined  here  as  the 
energy  emitted  into  4-n  steradians  by  the 
265-nm  band  divided  by  the  energy  deposited 
in  the  Hg/Xe  gas  mixture  by  the  discharge. 
Implicit  in  this  definition  is  the  assumption 
that  the  electron-beam  used  to  preionize  the 
discharge  creates  a  relatively  small  HgXe 
(30+)  excited  state  population  that  has  radi- 
atively  decayed  prior  to  the  triggering  of  the 
discharge.  This  is  well-illustrated  in 
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Fig.  53,  which  shows  the  photomultiplier 
signal  during  a  discharge  in  15  torr  of  Hg 
and  3000  torr  of  Xe  with  an  energy  input  of 
~  1.  9  J/1.  The  first  peak  is  emission  from 
HgXe  created  by  the  electron-beam.  The 
second  and  much  larger  peak  arises  from 
HgXe  created  by  the  discharge  which  is  trig¬ 
gered  some  700  ns  after  the  preionizing 
pulse. 


Fig.  53.  Optical  output  with  electron-beam 
preionized  discharge  excitation  in 
15  torr  of  Hg  and  3000  torr  of  Xe. 

The  energy  deposited  in  the  HgXe  mixture  is 
calculated  by  multiplying  the  voltage  drop 
across  the  discharge  as  a  function  of  time 
by  the  current  drawn  by  the  discharge  as  a 
function  of  time.  Figure  54  shows  the  volt¬ 
age  and  current  measurements  during  a  dis¬ 
charge  in  15  torr  of  Hg  and  3000  torr  of  Xe 
with  an  energy  input  of  1.  9  J/1. 

The  energy  emitted  into  4-7 r  steradians  by 
the  HgXe  emission  produced  by  the  discharge 
is  calculated  from  the  photomultiplier  tube 
response  by  assuming  the  discharge  is  a 
point  source.  In  this  case  the  energy  is 
given  in  joules  by  the  expression 


E  (J)  =4.7 


2  f  °° 

4tt d  JQ  Vdt 

A  (50ft)  x  T  x  G 


Fig.  54.  Electric  discharge  voltage  (upper) 
and  current  (lower)  in  15  torr  of 
Hg  and  3000  torr  of  Xe. 

where  d  is  the  distance  between  the  dis¬ 
charge  and  the  photomultiplier  in  cm,  A  is 
the  area  in  cm 2  of  an  aperture  which  defines 
the  area  of  the  photocathode  that  is  illumi¬ 
nated,  T  is  the  overall  transmission  of  the 
windows  between  the  discharge  and  the  photo¬ 
multiplier,  and  G  is  the  gain  of  the  photo¬ 
multiplier  times  its  quantum  efficiency 
taking  into  account  any  neutral  density  filter 
used  during  the  experiment.  Since  G  is  a 
function  of  wavelength  it  must  be  convoluted 
with  the  spectrum  obtained  from  the  OMA  to 
obtain  an  absolute  efficiency  for  the  fluores¬ 
cence  emission. 

The  preliminary  results  indicate  that  the 
HgXe  (3o+— ►^O"1")  fluorescence  efficiency 
ranges  from  6.  6  to  3.  3%  as  the  power  input 
varies  from  4  to  6  x  10^  W/l  at  an  E/N  of 
5  x  10“ 17  V-cm2.  At  an  E/N  of  8  x  10“ 17 
V-cm2,  the  fluorescence  efficiency  ranges 
from  4.  3  to  3.  7%  as  the  power  input  varies 
from  1  to  2  x  106  W/l.  Under  these  condi- 

1  O  Q 

tions  the  electron  density  was  ~101J  cm'J 
and  the  fractional  ionization  was  ~10-’7. 

The  fraction  of  excited  states  was  on  the 
order  of  10“^.  Efficiencies  could  not  be 
determined  at  energy  inputs  above  2.  0  J/1, 
because  the  discharge  went  unstable. 
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A  Boltzmann  transport  code  has  been  used  to 
predict  the  fractional  power  transferred  to 
the  various  Hg  states  which  correlate  direct¬ 
ly  with  HgXe  states  under  conditions  of  high 
xenon  pressure.  The  code  predicts  an  order 
of  magnitude  increase  in  power  transferred 
to  the  Hg  (Ip^)  state  in  going  from  an  E/N 
value  of  5  x  10' 17  V-cm2  to  8  x  10“ 17  V-cm2 
at  a  constant  Hg  pressure  of  15  torr.  The 
Hg  (lPj)  state  correlates  with  the  HgXe 
(1o+  -*  l0+)  transition  centered  at  ~210  nm. 
Figure  55  shows  the  emission  spectra  taken 
with  the  OMA  unfolded  from  the  wavelength 
response  of  the  spectrometer  and  detector. 

At  an  E/N  of  5  x  10" 17  V-cm2,  no  210-nm 
emission  is  seen.  At  an  E/N  of  8  x  10 *7 
V-cm2,  this  band  is  always  observed.  These 
results  hold  regardless  of  whether  E/N  is 
varied  by  changing  E  or  changing  N. 


Fig.  55.  HgXe  discharge  spectra  taken  at 
E/N  values  of  5  x  10' *7  (upper) 
and  8  x  10"  *7  (lower)  V-cm2. 


Summary 

Fluorescence  efficiencies  for  the  HgXe 
(3q+  — >^0+  )  emission  on  the  order  of  4% 
have  been  measured  at  power  inputs  of  ~10 
W/l  in  stable,  electron-beam  preionized 
discharge.  The  discharge  goes  unstable  at 
power  inputs  greater  than  2  x  10®  W/l. 
Greater  power  inputs  should  be  realizable  by 
using  an  electron-beam  sustained  discharge. 


OSCILLATOR  STUDIES 

An  advanced  oscillator  system  based  upon  a 
microprocessor- controlled  NdsYAG-pumped 
pulsed  dye  laser  should  meet  all  the  near- 
to-mid  term  oscillator  needs  of  advanced 
laser-fusion  lasers  with  the  exception  of  HF, 
Not  only  can  this  master  oscillator  concept 
be  used  as  the  front  end  of  the  laser  fusion 
device,  but  it  also  can  be  utilized  in  testing 
and  making  germane  laser  amplifier  mea¬ 
surements  of  candidate  laser  systems  for 
the  wavelength  region  of  4000  A  to  8000  A 
and  extended  range  with  frequency  doubling 
and  mixing. 

The  operating  requirements  of  such  an  oscil 
lator  system  include  long-term  stability, 
high  reliability,  absolute  wavelength  cali¬ 
bration  and  control,  tunability,  hands-off 
operation,  and  variable  pulse  width  genera¬ 
tion  in  the  nanosecond  regime.  These 
requirements  necessitate  the  application  of 
microprocessor  technology  to  laser  techno¬ 
logy  thereby  resulting  in  a  state-of-the-art 
laser  system  capable  of  satisfying  all  of  the 
above  operating  requirements. 

For  FY78,  the  goal  of  the  Sandia  oscillator 
research  and  development  program  is  to 
demonstrate  the  basic  concepts  of  a  micro¬ 
processor  controlled  5-ns  pulsed  dye  laser  ^ 
system  operating  between  4500  A  and  5000  I 
These  wavelengths  do  not  represent  limita¬ 
tions  of  such  a  system  but  are  chosen  to  be 
in  a  currently  interesting  wavelength  region 
for  proposed  laser  fusion  devices.  By 
changing  the  dye,  Nd:YAG  pumping  wave¬ 
length,  etc. ,  the  same  system  couldo operate 
any  where  between  4000  A  and  8000  A. 

A  block  diagram  of  the  overall  system 
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design  is  shown  in  Fig.  56.  As  can  be  seen 
there  are  several  basic  modules  in  the  design 
of  this  kind  of  system.  For  this  reporting 
period,  three  aspects  of  the  proposed  laser 
oscillator  design  are  discussed. 


- -  INFORMATION  PATH 

Fig.  56.  Block  diagram  of  overall  system 
design. 

Nd:YAG  Oscillator  Pump  Source 

The  current  configuration  of  the  tripled- 
Nd:YAG-pumped  pulsed  dye  oscillator  system 
is  outlined  in  Fig.  57.  The  pump  laser  is  a 
pulsed,  Q-switched  Nd:YAG  unstable  resona¬ 
tor  oscillator39  and  amplifier  purchased 
from  Quanta-Ray,  Inc.  Air-cooling  was 
added  to  the  Q- switch  device  in  order  to  pre¬ 
vent  breakthrough  throughout  the  operating 
temperature  range.  The  output  of  the 
NdtYAG  laser  is  frequency  tripled  to  provide 
7 -ns  135-mJ  pulses  at  a  wavelength  of  354.  7 
nm  and  a  repetition  rate  of  10  pps.  This 
laser  system  is  stable,  reliable,  has  a  flash- 
lamp  life  of  >  10*  pulses  and  there  is  no 
detectable  alignment  drift.  The  dye  oscilla¬ 
tor  is  based  on  an  optical  cavity  designed  by 
Quanta-Ray.  It  contains  a  transversely 
pumped  flowing  dye  cuvette,  a  four-prism 
dispersionless  beam  expander,  and  a  littrow- 
mount  grating  for  tuning.  In  order  to  pump 
coumarin  and  other  blue-green  dyes  more 
efficiently,  the  cuvette  and  pump-beam  optics 
have  been  modified  to  provide  a  gain  path  of 
~1.  5  cm  at  reduced  pump  beam  intensity. 
While  the  prism  beam  expander  reduces  the 
divergence  of  the  dye  laser  beam  as  do 
telescopic  and  grazing  incidence  grating 


methods, 40  it  has  far  less  stringent  align¬ 
ment  requirements  than  the  other  two  techni¬ 
ques  and  is,  therefore,  more  reliable. 


A  -  Nd:YAG  Oscillator 
B  -  Nd:YAG  Amplifier 
C  -  Frequency  Tripler 
D  -  Beamsplitter 
E  -  Diverging  Lens 
F  -  Cylindrical  Lens 
G  -  Diffraction  Grating 
H  -  Intracavity  Etalon 
I  -  Prism  Beam  Expander 
J  -  Dye  Cuvette 
K  -  Output  Coupler 

Fig.  57.  Nd:YAG/Dye  Laser  System. 

Dye  Performance  Measurements 

In  preliminary  tests  with  Rhodamine  6G  dye, 
the  dye  oscillator  operated  with  30%  effi¬ 
ciency  and  1  cm" 1  spectral  linewidth  at  a 
wavelength  of  590  nm.  The  addition  of  an 
intracavity  etalon  reduced  both  the  linewidth 
to  ~  0.  1  cm-1  and  the  efficiency  to  10  to  15%. 

Subsequent  experiments  with  blue  dyes 
showed  the  best  coumarin  dye  thus  far  tested 
(coumarin  481)  to  have  an  efficiency  of  about 
16%,  a  narrow  tuning  range,  and  a  short 
lifetime  (approximately  8  hrs).  However, 
the  best  dye  tested  (LD490)  had  an  efficiency 
of  ~  16%  at  a  spectral  linewidth  of  1  cm'1, 
(wavelength  of  480  nm)  a  tuning  range  of 
465  nm  to  505  nm  at  the  half-power  points 
(Fig.  58),  and  showed  no  detectable  degrada¬ 
tion  of  efficiency  over  8  hr  of  run  time. 
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incident  on  the  wedge.  A  mathematical 
analysis  and  extensive  computer  simulation 
have  revealed  several  difficulties  overlooked 
by  Snyder,  and  methods  have  been  developed 
to  overcome  these  problems. 

1.  The  angle  of  incidence  of  the  light  on  the 
wedge  which  minimizes  effects  of  angular 
deviation  is  not  zero  degrees  (normal  inci¬ 
dence),  as  is  the  case  for  a  parallel-plate 
interferometer,  but  is  a  finite  angle  which 
depends  upon  the  distance  from  the  wedge  to 
the  detector.  The  resultant  dispersion  from 
the  finite  thickness  of  the  front  plate  in  the 
interferometer  must  be  compensated  for  by 
the  introduction  of  a  similar  plate  in  the 
reflected  beam  path. 


Fig.  58.  Tuning  range  of  LD490  laser  dye. 

Microprocessor  Controlled  Wavemeter 

The  wavemeter  module  designed  to  facilitate 
automatic  control  of  wavelength  for  the  dye 
laser  is  shown  in  Fig.  59.  The  design  is 
based  on  a  Fizeau-type  wedge  interferometer 
with  a  Teticon  photodiode  array  readout,  as 
proposed  by  Snyder. ^  1  In  principle,  light 
beams  reflected  from  the  two  surfaces  of  the 
wedge  create  a  sinusoidal  interference  pat¬ 
tern  on  the  photodiode  array.  The  intensity 
values  from  the  photodiodes  are  digitized, 
stored,  and  processed  on  a  microcomputer 
to  yield  the  frequency  and  phase  of  the  sinu¬ 
soidal  pattern.  This  information,  combined 
with  the  calibrated  properties  of  the  wedge, 
yields  a  value  for  the  wavelength  of  the  light 

COLLIMATING 


Fig.  59.  Wavemeter. 


2.  Spatial  modulation  of  the  fringe  pattern, 
due  to  the  combination  of  the  spatial  profile 
of  the  incident  beam  and  slow  gain  variation 
along  the  length  of  the  detector  array, 
changes  the  apparent  locations  of  the  inten¬ 
sity  extreme  and  must  be  accounted  for  in 
the  processing  software. 

3.  Curvature  of  wedge  surfaces  leads  to 
nonlinearity  of  fringe  spacing,  which  must 
be  corrected  for  in  the  analysis. 

Fast,  efficient  software  routines  have  been 
developed  for  the  Z-80  microprocessor  to 
process  the  fringe  pattern,  incorporating 
items  2  and  3  above.  Currently,  the  Reticon 
data  can  be  read  and  processed  approximate¬ 
ly  four  times  per  second.  Software  has  been 
written  to  utilize  a  hardware  arithmetic  pro¬ 
cessor  to  improve  this  speed. 

Experiments  were  performed  with  an  etalon 
having  a  0.  5-mm  separation  and  a  16  arc- 
second  angle  between  wedge  surfaces,  X/20 
surface  flatness,  and  3/4  in.  clear  aperture. 
Collimation  was  provided  by  a  Spectra- 
Physics  200-mm  collimating  lens  and  a 
10-/iim  pinhole.  Angle  of  incidence  was 
—  4  degrees,  with  the  Reticon  array  30  cm 
from  the  wedge.  The  light  source  was  a 
single  wavelength,  from  a  cw  HeNe  laser, 
so  no  compensating  plate  was  used.  The 
Reticon  array  was  a  1024  element  unit  with 
high  sensitivity  diodes  17  mil  wide  sepa¬ 
rated  by  1  mil.  Digitization  of  intensity 
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information  was  performed  with  an  eight-bit 
A/D  converter  with  5.  5-ps  settling  time  and 
±1/2  LSB  accuracy.  The  data  yielded  fringe 
location  and  fringe  period  to  an  accuracy 
within  a  factor  of  2  of  that  necessary  to 
achieve  the  desired  wavelength  measurement 
accuracy  of  0.  01  cm”l  (5  x  10“^  at  500  nm 


wavelength).  Uncorrectable  intensity  vari¬ 
ations  caused  by  dust  on  the  wedge  surfaces 
contributed  partly  to  the  errors,  and  it  was 
determined  that  a  clean  wedge  with  a  spacing 
of  0.25  mm  and  an  angle  of  25  arc-seconds 
would  provide  the  required  accuracy. 
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